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Abstract  
 
Direct drive Permanent Magnet Linear Generators (PMLGs) are used in 
energy converters for energy harvesting from marine waves. Greater reliability 
and simplicity can be achieved for Wave Energy Converters (WECs), by using 
direct drive machines linked to the power take-off device, in comparison with 
WECs using rotational generators combined with hydraulic or mechanical 
interfaces to convert linear to rotational torque. However, owing to the relatively 
low velocities of marine waves and the desire for significant energy harvesting 
by each individual unit, direct drive PMLGs share large permanent magnet 
volumes and hence, high magnetic forces. Such forces can generate vibrations 
and reduce the lifetime of the bearings significantly, which is leading to an 
increase in maintenance costs of WECs. Additionally, a power electronics 
converter is required to integrate the generator’s electrical output to meet the 
requirements for connection to the national grid.  
This thesis is concerned mainly with the fundamental investigation into the 
use PMLGs for direct drive WECs. Attention is focused on developing several 
new designs based on tubular long stator windings topologies and optimisation 
for flat PMLGs. The designs are simulated as air- and iron-cored machines by 
means of Finite Element Analysis (FEA). Furthermore, a new power electronics 
control system is proposed to convert the electrical output of the long stator 
generators.  
Various wave energy-harvesting technologies have been reviewed and it has 
been found that permanent magnet linear machines demonstrate great potential 
for integration in WECs. The main reason is the strong exaltation flux provided 
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by the high number of permanent magnets. Such flux, combined with design 
simplicity, can deliver high induced voltage as well as structural integrity. 
In the thesis, a flat single and double structured iron-cored PMLG is studied 
and optimised. Several magnetic force mitigation techniques are investigated 
and an optimisation is conducted. The optimisation is concerned mainly with 
increasing electrical output power and reducing the magnetic forces in the 
generators. As a result, an optimal design introducing the idea of separated 
magnetic cores has been proposed. The FEA simulations reveal that magnetic 
separation in the yoke can increase significantly the energy-harvesting 
capability of PMLGs. 
Furthermore, the concept of the design of long stator windings for tubular 
PMLGs is studied. Two long stator generators having different magnetisation 
topologies and similar sizes to existing machine are modelled and compared to 
the existing machine. The similar-sized existing and proposed PMLGs are 
simulated by FEA. In this way, settings such as different boundary conditions, 
symmetry boundaries and material properties are used to gain confidence in the 
simulated results of the proposed machines. Moreover, the simulated results for 
the existing PMLG are verified against previously performed numerical 
simulations and practical tests delivered and published as part of other research. 
The outcome for the proposed PMLGs reveals several advantages for the long 
stator design, such as lower cogging forces and higher energy harvesting and a 
lower price of the raw structural materials. 
Additionally, the thesis proposes and simulates a new design for an air-cored 
PMLG. To boost the output power, the proposed design is based on a long 
stator topology adopting two sets of permanent magnet rings sandwiching 
copper windings in a tubular structure. The design is compared with a current 
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machine in FEA and the results show significant reduction in radial forces and 
an increase in energy harvesting.  
Finally, a novel power electronics control system, bypassing inactive coils is 
suggested and simulated as part of the grid integration system for the long 
stator PMLGs. The new system achieves a reduction in the thermal losses in 
the power electronics switches in comparison with existing systems. The power 
electronics system and the generator have been simulated in Matlab coupled 
externally with FEA (JMAG Designer). 
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1. Introduction into the Research 
1.1. The Aim of the Research 
 
This thesis aims to discover new designs of PMLGs to deliver: 
- A reduction in unwanted magnetic forces, such as cogging forces and 
the magnetic attraction between two iron surfaces. 
- An increase in electrical energy harvesting in comparison with existing 
generators. 
 
1.2. The Objectives of the Research 
 
In this thesis, the aim is to be delivered by: 
- Investigating the effects of different Permanent Magnet (PM) 
magnetisation topologies and force reduction techniques on the magnetic 
forces and electrical output power of longitudinal PMLGs for marine wave 
energy harvesting. 
- Proposing innovative PMLGs and drawing a comparison with existing 
machines. 
-  Analytical and numerical simulations of PMLGs, using FEA (JMAG-
Designer) and Matlab/Simulink. 
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1.3. Research Methodology 
 
This thesis is conducted by multi-dimensional approaches in order to achieve 
its aims and objectives. The research methods are based on analytical and FEA 
numerical modelling, though which simulations of existing and new linear 
generators are performed.  
Analytical models of PMLGs based on their magnetic circuits are created and 
static calculations of the magnetic flux are conducted. 
Moreover, in the thesis, FEA (JMAG-Designer) is used to perform dynamic 
simulation of PMLGs. This method is chosen owing to the high accuracy of the 
3D FEA numerical simulation results. The greatest benefit of FEA is that it 
solves the magnetic and the electrical circuits simultaneously, evaluating 
electrical variables such as currents, voltages and powers, as well as magnetic 
forces and flux distribution. Therefore, the effect of small design changes on the 
overall performance can be observed with high accuracy.  
Because of the limited components of JMAG’s internal library, complicated 
power electronics control problems cannot be solved. Thus, to solve such 
problems, JMAG is connected externally with Matlab/Simulink. This 
configuration allows a wide observation of the above spectrum of parameters as 
well as an implementation of real-time control systems using power electronics. 
Owing to the high number of boundary conditions involved in the numerical 
analysis, a small mistake, especially in the symmetrical settings of the 3D 
models, could cause a significant difference in the outcomes. Therefore, 
verifying the boundary conditions and the settings for FEA by experimental 
results enhances the confidence in the selected FEA settings. To validate the 
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simulations for the existing iron-cored generator the following steps are 
performed. 
- A dynamic simulation and test results for a permanent magnet generator 
are obtained from published research, where the PMLG description, 
including physical dimensions and material properties and the 
mechanical/electrical output results, are sufficient to model and verify the 
same generator in FEA. The verification includes the electrical power 
outputs such as electromotive force (EMF), phase voltages and currents, 
the cogging forces and the magnetic flux distribution in the machine. By 
verifying these FEA results, the correct boundary conditions and 
symmetry settings can be obtained for accurate 3D dynamic simulations. 
- The proposed tubular long stator generator has been modelled by FEA 
using the same boundary conditions, symmetry settings, material 
properties and dimensions (wherever possible).  
- The modelled machines are simulated analytically and numerically and 
the evaluated results compared with the existing generator. 
- Another comparison involving the calculation of approximate prices for the 
raw assembly materials is also performed. Such comparability involves 
certain errors because it does not take into account potential difficulties in 
the manufacturing and the assembly process. It can be used as an 
approximate high-level indication for benchmarking the cost of the 
existing and proposed machines. 
 
Electrical machines with three phase windings can connect directly to a 
three-phase AC/DC/AC (back-to-back) converter. Owing to the wide use of such 
converters, they can be classified as standard. On the other hand, because of 
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the complicated winding arrangement, the long stator generator requires non-
standard grid integration systems to convert the output to DC via either a 
passive or an active rectifier. The rectifier system used in Chapter 4 is a passive 
long stator rectifier in which all coils are treated as different phases and are 
rectified with diodes.  
On the other hand, the active control proposed for long stator generators in 
Chapter 5, is more efficient in terms of thermal loss but it is more complicated. It 
adds the EMFs of the energised coils, grouping them in three phases. As a 
result, a standard three-phase rectifier can be used as part of the back-to-back 
converter in the grid integration system. The system is simulated in 
Matlab/Simulink externally coupled with JMAG by an S-function link. Therefore, 
an advantage of this system over separated simulation is the real-time two-way 
communication channel between the control system in Matlab/Simulink and the 
generator switches in JMAG during dynamic simulations. 
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1.4. Structure of the Thesis 
 
This thesis is structured from the revision and investigation of current 
research to the proposals for PMLGs and it is divided into six chapters as 
follows: 
Chapter 1 is an introduction to the topic of the research. This chapter 
contains the aims, objectives and the research methodology of the thesis. 
Chapter 2 comprises a literature review in which the main technologies for 
marine wave energy harvesting and direct drive linear generators are analysed. 
In Chapter 3, an investigation of flat iron-cored PMLGs for wave energy is 
conducted. It aims to achieve a reduction in the cogging forces and to increase 
the electrical output of flat PMLGs:  
- In the first type of generator, the excitation flux is provided by permanent 
magnets located on one side of the windings. The investigation aims to 
show how the different number of slots per pole and phase and the 
different number of winding sections affect the generator’s cogging force 
and electrical output power. 
- In the second type, two sets of windings sandwich the PMs from both 
sides. In this chapter, the influence of the number of slots per pole and 
phase and the number of winding sections are analysed with regard to the 
generator’s cogging force and output power. Furthermore, an optimal 
design proposing the use of a magnetically separated translator yoke is 
suggested. 
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In Chapter 4, an investigation of tubular iron-cored long stator PMLGs is 
carried out. A novel design for a long stator generator is proposed and 
compared with an existing similar-sized three-phase generator. The simulations 
made in this chapter suggest that using a long stator tubular design could be 
more beneficial owing to the reduction of the cogging force and the price of the 
structural materials.  
Three kinds of generators are modelled and simulated. The first kind is an 
existing three-phase linear generator, for which the results are verified with the 
source. The second and the third types are long stator tubular linear generators 
with axial and radial magnetised magnets. A comparison of the dynamic 
performance of the three machines is drawn. 
Chapter 5 proposes a novel long stator tubular air-cored permanent linear 
generator for wave energy harvesting. The generator has an air-cored translator 
sandwiched between two sets of permanent magnets. The design suggests 
higher power output and the elimination of cogging forces compared with 
existing similar-sized iron-cored generator. However, the price of the structural 
materials for the air-cored machine is likely to be higher.  
Moreover, a new inactive coil bypassing system is proposed. The bypassing 
system achieves a lower level of thermal losses in comparison with previously 
proposed systems.   
Chapter 6 presents a conclusion of the thesis and suggests 
recommendations for future work based on the results of this research. 
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2. Literature Review 
 
2.1. Brief History of Wave Energy 
 
An interest in sustainable sources for energy started initially following the oil 
crisis in the 1970s as an alternative to nuclear energy. However, at that time, 
nuclear energy was regarded as more economical and efficient in terms of the 
cost of energy generation. As a result, after several years of research and 
development, the UK’s “deep-sea” research programme was closed in 1984 
due to financial reasons. However, around 10 years later, both interest and 
funding were renewed. Despite the research having started twenty years ago, 
many problems have still not been solved. Most of the unsolved problems are 
technical but there are political issues as well (Ross 1995). Consequently, these 
problems are preventing commercial success. Therefore, solving those 
problems is vital for the future of the generation of wave energy. 
2.2. Environmental Impact  
 
A comparison among the various electricity generation types in terms of CO2 
released to the atmosphere over the entire lifetime, has been analysed by the 
Kyoto protocol and the so-called carbon credit scheme (Domingues, Silva et al. 
2008).  
As seen in Figure 1, Photo-Voltaic (PV) systems have one of the highest 
carbon footprints among renewable sources. However, Figure 2 indicates that 
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carbon release is likely to decrease in the future. During the process of 
manufacturing the silicon, around 60% of the total CO2 is released, because the 
PV silicon panels are made from quartz sand exposed to high temperatures.   
Marine generation is still not a fully developed branch of renewable energy 
and most of the CO2 emissions are produced during the manufacture of the 
structural materials. Most of the carbon is released due to the high volumes of 
steel used in the foundations and the supporting structures of the WECs. In 
general, marine energy does not output any pollution during normal operation. 
However, the operational conditions (seabed and seawater environment) 
require further investigation. The impact of the onsite installation on the flora 
and fauna has to be analysed. A detailed seabed study could provide critical 
information regarding the best locations for wave generation plants. Such an 
investigation is likely to reduce the maintenance, installation and mooring costs 
and increase the safety of the cables. Furthermore, a study of the flora and 
fauna (such as migration) can avoid foreseen problems related to interaction 
with the sea life or birds. A recent carbon footprint evaluation is illustrated in 
Figure 2, which shows that the footprint of low-carbon sources is generally 
lower than the footprint of fossil fuel source.   
In hydro generation, most of the carbon emissions are released during the 
construction of the facilities. The massive water dams and the walls involve 
digging operations and use of high volumes of steel for the concrete structures. 
At present, wind generation is one of the most developed and recognised 
renewable sources and it has one of the lowest carbon footprints. The majority 
of the carbon is released during the production of the epoxy/fibreglass blades. 
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(a) International carbon footprints of fossil-fuel electricity 
 
 
 
Figure 1 Carbon footprints for UK & European ‘low carbon’ technologies 
(Parliamentary Office of Science and Technology 2006) 
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Nuclear energy also has one of the lowest carbon footprints due to the 
absence of carbon emissions during normal operation. The most significant 
carbon emissions over the lifetime of the technology are released during the 
decommissioning of the plant and the maintenance/storage of the nuclear waste. 
Furthermore, another significant cause of carbon emissions comes from the 
mining of the uranium. The long-term footprint of nuclear plants is likely to 
increase due to limited high-grade uranium deposits, because the use of low-
grade uranium will lead to more carbon emissions in order to produce the same 
amount of energy. 
The carbon footprints of coal and gas plants are traditionally high. However, 
they are expected to decrease due to the highly efficient turbines boosting 
 
 
 
(b) International carbon footprints for low-carbon electricity 
Figure 2 Current carbon footprints of generation technologies 
(Parliamentary Office of Science and Technology June 2011) 
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efficiency from 35% to 50% (Entec UK Limited 2010). Additionally, technologies 
such as Carbon Capture and Storage (Christensen 2005) have the potential to 
mitigate a significant part of the atmospheric carbon release.  
 
2.3. Marine Waves  
Marine waves are generated by the wind in combination with Earth’s gravity. 
The passing wind causes tension on the water surface. On a small scale, waves 
are generated by this tension. Larger scale waves are amplified by the wind and 
the Earth’s gravity.  
Generally, the ocean climate is a superposition of waves generated locally 
(by local winds) and passing waves generated by distant sources. The locally 
generated waves and the travelling waves are referred to as seas and swells, 
respectively. Typically, seas contain steeper waves with shorter periods and 
swells consist of low-steepness waves with longer periods. Seas include a large 
number of individual waves featuring a wide range of wave patterns with varying 
periods, directions and heights. 
In realistic wave conditions, the total wave pattern includes different kinds of 
waves and therefore, it varies in wide ranges. This pattern highlights one of the 
main difficulties for WECs because they have to be designed to operate in 
conditions much rougher than the average for the region. As a result, the safety 
factors have to be increased and hence so too do the costs of the WECs.  
 
2.4. Wave Energy Generation 
Potentially, marine wave energy is a huge source of renewable energy. In the 
last two decades, several technologies have been proposed. Some of the 
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technologies are already in the commercial stage of development and use fast-
velocity generators in combination with hydraulic systems. Other technologies, 
such as direct drive linear generators are at less advanced stages of 
development due to mechanical and electrical issues. In general, marine wave 
energy is more challenging in comparison with other renewable sources such 
as wind and solar energy. The main reason for this is that WECs have to 
function in harsh operating conditions. 
 
2.4.1. Ocean Energy Recourses 
A study presented in (Thorpe 1999) reports that the wave power has global 
potential of more than 1 TW. However, this potential cannot be considered as 
fully achievable. The locations with the highest wave power levels considered 
as attractive options for power generation are shown in Figure 3. 
Owing to its geographic location, the UK has one of the highest potentials for 
wave energy generation. Studies suggest that marine wave power around the 
UK has enormous potential of up to 120 GW (Clément, McCullen et al. 2002, 
Thorpe 1999). Considering the capacity of the UK’s peak electricity demand of 
around 60 GW, marine wave energy harvesting has significant potential in 
contributing to the energy requirements. 
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However, challenges are foreseen in relation to the collection and 
transportation of the electrical power to the shore. The main reason for such 
challenges is the environment in which the submerged cables and substations 
operate. Different issues emerge relating to the onshore transportation of the 
power, where reinforcements of the transmission and distribution systems have 
 
 
Figure 3 Wave power levels expressed in kW/m crest length (Polinder, 
Scuotto 2005) 
 
 
Figure 4 Wave resource in the UK (ABPmer The Mt Office 2008) 
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to be made for reliable and economic transportation of the electrical power. 
Furthermore, the intermittency in power delivery of the wave energy converters 
needs to be addressed, as it requires other sources of rapid power response on 
stand-by, such as synchronous generators, interconnectors and demand side 
response. 
 
2.4.2. Challenges in Wave Power Generation 
The main challenges facing marine wave energy are summarised in Figure 5. 
Even though some of the technologies (such as hydraulics and fluid turbines) 
are well developed, the operating conditions continue to cause problems during 
installation and maintenance. The installation and operational costs of WECs 
are expected to be relatively higher in comparison with wind and PV energy 
converters.  
Another issue for direct drive generators is the manufacturing cost. In 
comparison with fast-velocity rotational machines, the manufacturing cost of 
direct drive permanent magnet linear machines, rated at the same power, is 
considerably higher. The main reason for this is the slow translational velocities 
of the marine waves. 
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Furthermore, the high volume of permanent magnet material used in the slow 
moving direct drive linear generators causes high attraction forces between the 
stator and the translator of the machines. Such forces can reduce significantly 
the life of the bearings and hence, reduce the reliability and the lifetime of the 
WECs (Thorburn, Leijon 2007). 
 
2.4.3. Wave Power Generation Technologies 
During the last couple of decades, several WECs have been proposed. The 
technologies vary depending on the location of the WECs with regard to the 
shore. WECs also differ in their construction and the generator connectivity to 
the power take-off device, the type of generator and the fluid used for useful 
motion generation.  
 
 
Figure 5 Main challenges for Wave Energy Converters (Markus Mueller 
and Robin Wallace 2008) 
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Generally, direct drive generators can increase the reliability and efficiency of 
the WEC by reducing the components of the system and excluding 
interconnections between systems (such as hydraulics or gearboxes).  However, 
owing to the low linear vertical velocities of the waves, direct drive generators 
have much larger sizes in comparison with fast-velocity rotational generators 
with the same rated power.  
 
2.4.3.1. Attenuator 
Pelamis is a device floating on the water surface, which attenuates the 
passing waves. The concept has been developed by Pelamis Wave Power Ltd. 
The structure consists of semi-submerged cylindrical bodies connected by 
hinged joints (Figure 6). The entire structure is oriented in a position 
perpendicular to the wave front. In such a way, the energy is extracted by the 
relative motion of the cylindrical bodies during the passing wave.  
 
 
The relative motion between the cylindrical bodies is absorbed by hydraulic 
rams pressurising oil. In order to smooth the output of the WEC, the pressurised 
oil is contained in smoothing accumulators that act as energy storage. The 
 
 
Figure 6 Pelamis (Bulatov, Perry et al. 2009) 
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energy from the pressurised oil is converted to electricity by means of hydraulic 
motors driving electrical generators.  
Pelamis is currently in a relatively advanced stage of commercial 
development. It combines conventional high-velocity induction generators with 
hydraulic systems (Ahmed, Nishida et al. 2010). An advantage of such a system 
is the implementation of two already proven technologies. Despite its complexity, 
Pelamis has been deployed successfully and it is operating in a number of sites 
around Europe (Ahmed, Nishida et al. 2010). 
 
2.4.3.2. Wave Point Absorber 
Wave point absorbers are near-shore or deep water deployed WECs, which 
consist of a floating buoy, typically having a cylindrical or spherical shape. The 
buoy can be connected to a capsule containing a direct drive linear generator. 
The capsule can be deployed on the seabed (Figure 7b) or fixed over the 
surface by a supporting structure (Figure 7a). 
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(a) Wave Point Absorber with non-flexible shaft (Kimoulakis, Kakosimos et al. 
2010) 
 
 
 
(b) Wave Point Absorber with rope (Thorburn, Leijon 2007) 
Figure 7 Wave point absorbers with direct drive electrical generator 
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Generally, two types of construction employing either a non-flexible shaft 
(Figure 7a) (Kimoulakis, Kakosimos et al. 2010) or a rope (Figure 7b) (Falnes 
1997, Thorburn, Leijon 2007) have been proposed for WECs having direct drive 
electrical generators. The design using a non-flexible shaft is simpler, but it has 
only one degree of freedom and the energy absorption is limited up to 50% 
(Evans D. 1976). Furthermore, the forces normal to the motion axis are likely to 
be higher when using the non-flexible shaft design due to the restriction of the 
motion of the translator.  
Conversely, an advantage of the design using a rope is that the flexibility of 
the rope provides additional degrees of freedom and hence, the energy 
absorption can be increased. Another difference in design is given by the 
springs, which have to be installed in order to pull the translator back to its 
lowest point (Figure 7b). 
Hydraulic systems have also been adopted for WECs. In Figure 8a, a system 
using a hose pump made of semi-elastic material is used as a power take-off 
system (Abigail Wacher 2010). The difference in the volume of water inside the 
hose between the crest and the trough of the passing wave is used to generate 
water flow through the hose. The water is pushed to a Pelton turbine through a 
hydraulic system and the turbine generates electricity directly.  
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In Figure 8b, the Wavebob (Kristof Schlemmer, Franz Fuchshumer, Norbert 
Böhmer, Ronan Costello, Carlos Villegas 2011) is presented. The torque in this 
point absorber is extracted by hydraulic cylinders pressurising oil. This WEC 
 
(a) AquaBuOY Wave Energy Converter (Abigail Wacher 2010) 
 
 
(b) Hydraulic WEC (Wavebob) (Kristof Schlemmer, Franz Fuchshumer, 
Norbert Böhmer, Ronan Costello, Carlos Villegas 2011) 
Figure 8 Wave Point Absorbers 
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benefits from its structure, whereby the entire device is floating and there is no 
permanent connection to the seabed. Such a design increases the survivability 
of the WEC and contributes to continuous power production under extreme 
weather conditions. 
Generally, the wave point absorbers have much simpler structure in 
comparison with the WECs using the conversion from a low-velocity linear 
motion to a high- velocity rotational one. However, owing to the low-velocity and 
high-torque motion of the floater, direct drive PMLGs are large.  
 
2.4.3.3. Oscillating Wave Energy Converter 
The oscillating wave energy converter (Figure 9) is a semi-submerged WEC. 
The device extracts energy caused by wave surges. The torque from the 
oscillating arm can be captured by a direct drive electrical generator (Keysan, 
McDonald et al. 2010) or by a fluid pump.  
 
 
 
 
Figure 9 Oyster hydraulic pumps (Keysan, McDonald et al. 2010) 
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The fluid is transported to an onshore generator station to drive turbines. The 
Oyster device shown in Figure 9 has been developed by QUB and Aquamarine 
Power (Keysan, McDonald et al. 2010). 
 
2.4.3.4. Oscillating Water Column 
The Oscillating Water Column is a device installed on the shoreline. The 
basic operating principle of extracting energy is based on the difference in the 
water level of marine waves (Hodgins, Mueller et al. 2010, O'Sullivan, Lewis 
2011, Alberdi, Amundarain et al. 2011). The waves create flow of an air in an air 
chamber with two ends (Figure 10). The first end is submerged and the other is 
open to the atmosphere. The difference in sea level during every wave creates 
bi-directional movement of air through the air chamber, passing the turbine 
blades.  
 
 
In order to capture the energy of the bi-directional air movement, an 
apparatus such as a Wells Turbine can be installed (Ormaza, Goitia et al. 2009). 
The Wells Turbines convert the bi-directional airflow into a unidirectional 
 
 
Figure 10 Oscillating Water Column (Hodgins, Mueller et al. 2010) 
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rotational motion of the turbine shaft. Hence, an electrical generator can be 
connected directly to the turbine shaft. The rotational velocity of the generator 
depends on the wave pattern and the size of the air chamber. The airflow and 
the velocity of the turbine can be controlled by using the valve shown in Figure 
10. Another way of controlling the electrical output and of protecting the turbine 
from over-spinning can be a valve that releases part of the pressure to the 
atmosphere. 
 
2.4.3.5. Overtopping Device 
The basic principle of the overtopping device is to collect water from the 
overtopping waves by means of a reflector and ramps (Figure 11). The water is 
collected in a reservoir above sea level and due to the gravity force, it is 
returned back to the sea passing through a turbine. 
 
 
The water flow through the reflector can be regulated easily and hence, the 
output can be stabilised. Additionally, the height and the angle of the ramps can 
be regulated, such that the overtopping device can work in a wide range of sea 
states.  
The Wave Dragon is an example of an operating overtopping device. It was 
deployed in 2003 at Nissum Bredning (Denmark). The device has total rated 
 
 
Figure 11 Overview of overtopping device (Polinder, Scuotto 2005) 
N. P. Gargov  University of Exeter 
 
45 
 
power of 20 kW, combining seven PM generator turbines and a 55 m3 water 
reservoir (Polinder, Scuotto 2005). 
 
2.4.3.6. Archimedes Wave Swing 
The Archimedes Wave Swing (AWS) is an offshore WEC. Typically, the AWS 
is deployed around 5 – 10 km from the shore and water depth of up to 50 m 
(Czech, Bauer et al. 2009), due to the dependency of the output on the 
amplitude of the passing waves. 
The AWS is a capsule anchored to on the seabed, which consists of an 
expandable air-filled chamber and a direct drive linear generator. The basic 
operating principle is based on the difference in the water pressure over the 
length of every wave (Figure 12).  
When the crest of the wave passes the AWS, the air in the air-chamber is 
pressurised. After the crest passes the AWS, the pressure inside the chamber 
is reduced in conjunction with the lower water pressure and thus, the air in the 
chamber expands. As a result, only one degree of freedom can be achieved 
with the AWS. 
 
 
 
 
Figure 12 Archimedes Wave Swing (Polinder, Damen et al. 2004) 
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The design of the AWS can lead to great high robustness and security owing 
to the fully submerged body and the absence of rope connections. 
 
2.4.3.7. Interproject Sweden Buoy 
A schematic diagram of the Interproject Sweden Buoy (IPS) is shown in 
Figure 13. The device comprises a float and a submerged cylinder.  
A rod is connected to a piston inside the cylinder. The water column in the 
cylinder fixes the piston, forcing it to move with it. The relative motion of the float 
and the rod can be used to generate electric power. 
 
 
 
 
 
Figure 13 Operational principle of IPS (Taylor, Mackay 2001) 
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This motion can be converted to electricity by a direct drive linear generator 
or a fluid pump-turbine system connected to a shore-based rotational generator 
(Taylor, Mackay 2001). A view of the entire body of the IPS is shown in Figure 
14. 
 
2.5. Direct Drive Wave Energy Converter 
Wave energy converter is a general title for devices that convert the kinetic 
energy of marine waves to electricity. The investigated linear generators in this 
thesis are designed with the presumption that they will be driven by a floating 
buoy on the water surface (Figure 15), or installed in an Archimedes Wave 
Swing (Prado, Polinder 2011).  
The buoy can be connected to the linear generator via either a non-flexible 
shaft or a flexible rope. The design of a WEC using a non-flexible shaft is 
 
 
Figure 14 Overview of IPS (Taylor, Mackay) 
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described in (Yang G., Chun-yang et al. 2003) and (Li, Bai et al. 2010). In this 
design the buoy and the generator are installed on the same shaft, and 
therefore they will have the same motion pattern.  
 
 
In both of the above cases, due to the direct coupling of the power take-off 
device and the generator, the generated voltage and the electrical frequency 
are in direct ratio with the translator’s velocity (Polinder, Slootweg et al. 2003). 
As a result, large fluctuations in the output voltage and in the electrical 
frequency are observed during normal operation of the WEC. In order to 
stabilise the fluctuations, a power electronics converter and energy storage can 
be installed between the generator and the electrical grid (Yang G., Chun-yang 
et al. 2003). 
 
 
Figure 15 Overall structure of direct drive WEC using non-flexible shaft 
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Generally, continuous operation of electro-magnetic machines depends on 
the forces acting on the bearings. A calculation of the forces is interesting from 
many perspectives and is an important parameter for studying several 
operational aspects, such as the generator bearing system, the buoy line forces 
and the mechanical stress and fatigue in the supporting structure. Additionally, 
the magnetic forces can produce sound emissions (i.e., underwater noise).  
The direct drive WECs has several advantages over hydraulic systems such 
as the simple design, which has the potential to lead to high robustness of the 
WEC and therefore, a reduction in maintenance costs. However, at present, 
there are several challenges associated with direct drive linear machines that 
restrict the development of the technology. This thesis is concerned with 
several important parameters (cogging forces and output electrical power) that 
need to be addressed to increase the commercial success of direct drive WECs. 
 
2.6. Generator Technologies for Direct Drive 
Systems 
Marine wave energy is currently seen as a renewable energy source of huge 
potential (Tavana 2009). Some of the main requirements for offshore WECs are 
reliability and robustness. A WEC using a linear generator coupled directly by a 
prime mover is a promising solution for marine energy harvesting owing to its 
design simplicity. Furthermore, the simplification implied by the use of direct 
drive technology has the potential to exclude interface systems, transforming 
the linear motion of the floater to a fast-velocity rotational motion. In this chapter, 
the current technologies for linear direct drive generator designs for WECs are 
reviewed and their advantages and disadvantages outlined.  
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2.6.1. Linear Induction Machine 
The absence of slip-rings and collectors in the assembly of an induction 
machine reduces the production and maintenance costs in comparison with 
other machines (Wells, Chapman et al. 2001). The operation of linear induction 
machines involves an external source of winding excitation. This excitation can 
be provided by the electrical grid or by a reactive power source (SVC, 
STATCOM). The armature currents (three-phase with ±120 degree phase shift) 
create a translational magnetic field in the air gap between the stator and the 
translator. This field generates currents in the translator’s cage. Hence, the 
combination of the translating magnetic field generated by the stator and the 
translator’s induced currents generates torque in the translator. The translator 
starts to translate with a lower velocity than the velocity of the magnetic field of 
the stator. This kind of operation is also known as motor mode. The machine 
starts to operate in generator mode when the translating velocity of the 
translator exceeds the velocity of the induced magnetic field (an external torque 
is applied). A disadvantage of this machine is that the windings require an 
external source of excitation.  
 
2.6.2. Linear Field Wound Synchronous Machine 
The Field Wound Synchronous Machine (FWSM) is an electrical machine 
with an externally excited field winding. The magnetic fields generated by the 
stator currents and the translator do not go out of phase under normal operation 
of the machine. The linear FWSM has been proposed for WECs (Vining, Lipo et 
al. 2009, Vining, Lipo et al. 2010). The presented design has a translator 
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located between two magnetic cores in a double-fed linear machine (Figure 
16a). 
 
 
 
 
(a) Linear Field Wound Synchronous Machine (Vining, Lipo et al. 2009) 
 
 
 
 
(b) Linear Superconducting Homopolar Machine (Keysan, Mueller 2012) 
 
Figure 16 Linear Field Wound Synchronous Machines 
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FWSMs do not have permanent magnets in their assembly. Therefore, the 
cogging forces will appear only when the excitation winding is energised. An 
advantage of the machine, suggested in (Vining, Lipo et al. 2009), is the 
switching between different operating modes: synchronous (DC-supplied 
translator), asynchronous (AC-supplied translator) and short-circuited squirrel 
cage.  
A control technique for the double-fed linear machine is proposed in (Vining, 
Lipo et al. 2010). The control is based on tracking the velocity and maintaining 
the orthogonality between the stator and the translator’s magnetic flux. Similarly, 
the study (Vining, Lipo et al. 2010) reports the reduction of the number of three-
phase inverters used in the grid integration system to only one. A comparison is 
made with the double fed induction machine, which requires two inverters. On 
the other hand, there exist potential problems associated with the electrical 
connections, the air gap tolerance and the linear bearings of the wound field 
translator (Guinevere, Lipo et al. 2010). 
Another field winding air-cored homopolar machine is presented in (Keysan, 
Mueller 2012). The generator has a stationary superconducting coil, which 
simplifies the cooling system and eliminates transient forces on the 
superconducting coil (Figure 16b).   
 
2.6.3. Transverse Flux Machine 
The Transverse Flux Machine (TFM) is shown in Figure 17 and Figure 18. 
The design of the machine can vary but the main operational principle remains 
the same (Mueller 2002, Hasanien, Abd-Rabou et al. 2010, Schutte, Strauss 
2010, Zou, Wang et al. 2011). In a TFM, the flux is provided by PMs. The 
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magnets are translating between sets of magnetic cores providing different 
paths of magnetic flux. During translation, the flux changes its direction with 
frequency proportional to the translational velocity. 
 
 
 
The complicated assembly of the machine requires a high number of 
individual elements to support the flux flowing though the separated magnetic 
 
 
Figure 17 TFM with surface mounted magnets (Mueller 2002) 
 
 
Figure 18 TFM with buried magnets (Mueller 2002) 
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C-cores surrounding the windings. Therefore, problems related to the reliability 
of the supporting structure maintaining high cogging forces (generating 
vibrations) can be expected. Another problem related to the supporting structure 
maintaining the constant pulling magnetic forces generated between the 
magnets and the magnetic cores also occurs. Furthermore, complications 
during the fitting of the high number of individual elements are expected during 
the manufacture of the machine.  
The electric loading of the machine can be approximated as: 
 
   
    
  
 
(2.1) 
 
 
where    is the coercivity,    is the magnet thickness and    is the magnet 
width in the direction of the displacement (Mueller 2002). The flux density in the 
air gap can be given as: 
 
 
  
    
 
  
     
  
  
 
 
(2.2) 
 
where   is the number of winding turns,    is the winding current,    is air 
permeability and    is the air gap length. Formula (2.2) does not take into 
account the saturation in the iron cores. Similarly, the fringing effect has been 
ignored with the assumption that the magnets’ magneto-motive force is directly 
proportional to their thickness.  
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A three dimensional equivalent circuit is shown in Figure 19. The figure 
shows a common section of a single-sided linear TFM, in which the main flux 
 
 
Figure 19 Section of TFM magnetic equivalent circuit (Mueller 2002) 
 
 
Figure 20 Magnetic reluctances in TFM (Mueller 2002) 
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path follows within the A-B-C-D contour.     is the reluctance of the permanent 
magnets,    is the reluctance occurring between neighbouring magnets,    
represents the reluctance in the air gap and    is the reluctance occurring 
between the neighbouring magnets passing the magnetic core. Similarly, in this 
model, it is assumed that the iron has zero magnetic reluctance. 
The EMF can be calculated by applying Faraday’s law: 
 
 
 
    
  
   
 
   
  
 
(2.3) 
 
 
where    is the position of the translator and   is the flux density. 
  
2.6.4. Vernier Hybrid Machine 
The Vernier Hybrid Machine (VHM) is a concept described in (Mueller, Baker 
2003, Spooner, Haydock 2003). Both the windings and the PMs are mounted 
on the stator of the machine. The translator is made from silicon steel sheets 
and it provides the path for the magnetic flux.  
 
 
 
Figure 21 Vernier Hybrid Machine (Baker 2003) 
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The translator teeth are aligned with the magnets in a way that provides low 
reluctance paths for the magnets with the same magnetisation direction.  
As a result, the total flux is provided by the magnets having anti-clockwise 
magnetising direction at the position shown in Figure 21 and clockwise direction 
when the translator is displaced by a distance equal to one tooth. This 
arrangement allows a rapid flux reversal over a short distance and therefore, 
higher electrical frequency compared with the displacement frequency. 
 
2.6.5. Longitudinal Flux Permanent Magnet Machine 
The Longitudinal Flux Permanent Magnet machine is a linear generator in 
which the windings’ excitation is provided by the PMs that are usually mounted 
on the translator and the windings mounted in the stator (Ghita, Chirila et al. 
2008). The purpose of this arrangement is to avoid the use of hardware such as 
cables or slip lines to transfer the electrical power from the windings. 
Several designs adopting different magnetisation directions and flux paths 
have been proposed in (Wang, Jewell et al. 1999, Faiz, Ebrahimi-salary et al. 
2009, Shibaike, Sanada et al. 2007). The magnetisation of the permanent 
magnets, affects the magnetic losses, the induced voltage and the output power 
of the PMLG. An analytical description for tubular generators for load and no-
load performance has been done and verified by FEM in (Wang, Jewell et al. 
1999). A cylindrical coordinate system has been used to describe the 
magnetisation topologies named as radial, axial and Halbach. The schematic 
two-dimensional views of the three topologies are shown in Figure 22. 
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In (Shibaike, Sanada et al. 2007), comparisons among surface magnet, inset 
magnet and buried magnet structures have also been made, examining the 
influence of different magnetisation types upon the efficiency, output power, iron 
losses and copper losses. 
 
 
 
(a) Radial Magnetisation 
 
 
(b) Axial Magnetisation 
 
 
 
(c) Halbach Magnetisation 
 
Figure 22 Tubular linear generator topologies (Wang, Jewell et al. 1999) 
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The results presented in (Shibaike, Sanada et al. 2007) reveal that the buried 
magnet structure has higher output power and efficiency. However, higher iron 
and copper losses are reported for the buried structure. 
 
2.6.6. Discussion 
A synthesis of the characteristics and results reported in the literature for 
different types of linear generators have been done. It is difficult to outline the 
best design owing to the different sizes of the machines in the table. However, 
based on the power output and the material cost, the PMLG with stator iron can 
be selected as a good solution. On the other hand, the maintenance cost has 
not been taken into account in the comparison.  
The biggest disadvantage of the FWSM is the requirement of external 
excitation. Some of the options to solve this issue are capacitors or grid 
supplied reactive power.  
 
(a)    (b) 
 
Figure 23 Magnet topologies, (a) inset structure, (b) buried structure 
(Shibaike, Sanada et al. 2007) 
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The design complexity is the main issue confronting the variable reluctance 
generators. Owing to complicated design that involves a high number of 
elements, the assembly cost is expected to be high. Furthermore, such a 
complex structure is likely to be affected by vibrations, which could cause 
structural damage.  
The VHM is an attractive solution due to the small volume of PM materials 
used in the assembly. However, relatively high cogging forces have been 
reported (Mueller, Baker 2003). 
 
 
2.7. Structures for Direct Drive Linear 
Permanent Magnet Generators 
Owing to the nature of marine waves and the high power output requirements, 
direct drive linear generators are large. Such structures involve high volumes of 
steel and PM material causing high magnetic forces. Consequently, these 
forces affect the bearings and generate noise, vibrations and unwanted cogging 
forces. 
In this section, the basic characteristics of the different structures proposed 
for direct drive generators are reviewed. Furthermore, cogging forces are 
explained and the current force reduction techniques presented. 
 
2.7.1. Flat Structure 
Generators with a flat structure are presented and analysed in (Ahn, Lee et al. 
2008, Hodgins, Keysan et al. 2012, Shibaike, Sanada et al. 2007). The 
generator’s windings can be energised from two sets of PMs (Thorburn, Leijon 
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2007) sandwiching the windings (Figure 24), or from a single side of PMs. By 
using the flat structure, the sides of the generator remain free; therefore, 
installing and maintaining the bearings might be easier in comparison with other 
kinds of PMLGs. In (Hodgins, Keysan et al. 2012), a design using multiple flat 
sections assembled in one body has been proposed. This assembly allows a 
range of power levels to be produced from the same generator by using a 
different number of flat sections stacked together. Similarly, the structure can 
reduce the manufacturing cost and increase robustness.  
 
 
Another benefit of the PMLG proposed in (Hodgins, Keysan et al. 2012) is 
the possibility of the isolation of faulty sections during normal operation. This 
feature reduces the maintenance cost and it will contribute to higher 
maintenance flexibility.  
An investigation of double-sided PMLGs for wave energy harvesting has 
been conducted in (Garcia-Alzorriz, Grau et al. 2011) and (Joseph, Cronje 
2007). 
 
 
 
Figure 24 Flat PMLG (Hodgins, Keysan et al. 2010) 
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2.7.2. Multiple Side Structure 
The main idea of multiple-sided PMLG structures is to reduce the attraction 
forces acting on the bearings by opposing them. As a result, a cancellation 
effect of the attraction forces can be achieved. Another benefit is that the length 
of copper wire in the windings and hence, the power output of the PMLG can be 
increased. 
The PMLGs’ windings are assembled by coils. These coils could be 
physically separated in the generator structure and connected externally, such 
as in the model shown in Figure 25a. Another distribution technique involves the 
coils passing all sides of the multi-sided machine, such as in the model shown 
in Figure 25b. In this case the coils are connecting the sides of the generator. 
 
 
 
 
 
(a) Windings passing a single side 
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A drawback of the PMLG design shown in Figure 25b is the potential difficulty 
in disassembling the sides of the generator during maintenance. Keeping the 
sides of the generator separated makes disassembly easier. However, higher 
extra ohmic losses are caused by the extra cable length used. In general, the 
manufacturing cost of multi-sided generators is likely to be higher than that of 
double-sided generators due to the complexity of the construction (Ivanova, 
Agren et al. 2005). 
 
 
2.7.3. Tubular Structure 
The tubular structure of a PMLG can be seen in Figure 26. An advantage of 
the tubular design is the reduction of the magnetic forces experienced at the 
edges between the magnetic core and the PMs. 
 
 
 
(b) Windings passing all sides 
 
Figure 25 Multiple sides PMLG (Ivanova, Agren et al. 2005) 
N. P. Gargov  University of Exeter 
64 
 
 
It has been indicated that the tubular structure is most applicable for PMLGs 
because of the use of the simplest linear bearings among all the linear 
machines shown in (Szabo, Oprea et al. 2007). Tubular PMLGs have been 
investigated in (Prudell, Stoddard et al. 2010, Minciunescu, Scortescu et al. 
2010, Pirisi, Mussetta et al. 2010). One of the main benefits of the tubular 
design is the theoretical elimination of radial forces in an ideal tubular PMLG. 
However, due to eccentricities in construction and radial movements across the 
air gap, total cancellation cannot be achieved (Prudell, Stoddard et al. 2010). 
Moreover, (Bracco, Giorcelli et al. 2011, van Zyl, Jeans et al. 1999) indicated 
that tubular machines achieve the highest power among linear machines. 
However, problems associated with the assembly and the dynamics of tubular 
PMLGs have been reported in (Minciunescu, Scortescu et al. 2010). 
 
 
2.7.4. Type of Magnetic Core 
 
 
 
Figure 26 Tubular PMLG (Prudell, Stoddard et al. 2010) 
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2.7.4.1. Iron–cored Linear Generators 
Iron-cored machines are used because of the low magnetic reluctance of the 
silicon steel. Furthermore, in order to decrease the losses and to increase the 
permeability of the magnetic core, laminated silicon steel sheets are used 
widely in the assembly of the iron-cored machines. The highest magnetic 
reluctance in the iron-cored magnetic circuit is caused by the air gap between 
the stator and the translator.  
As the air gap is the region with the highest magnetic reluctance in the iron-
cored machines, it has significant influence on the generator`s output. 
Minimising the air gap tolerance reduces the total magnetic reluctance. 
However, high magnetic forces have been reported between the PMs and the 
silicon steel. Therefore, maintaining a low air gap tolerance in combination with 
desirable high output power is a challenge (Faiz, Ebrahimi-salary et al. 2009).   
 
2.7.4.2. Air-cored Linear Generators 
Air-cored generators have been proposed and investigated in (Vermaak, 
Kamper 2010, Hodgins, Keysan et al. 2012, Liu, Lin et al. 2010, Baker, Mueller 
et al. 2004). Eliminating the high static magnetic forces between the stator and 
the translator can be achieved by removing the iron from one of them. However, 
the elimination of the iron increases the total reluctance of the magnetic circuit 
significantly. As a result, the induced voltage is much lower in comparison with 
PMLGs using iron in their magnetic cores (Figure 27). 
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In order to achieve similar electrical output as the iron-cored PMLGs, the 
volume of the PMs has to be increased. Such an increase would also raise the 
price of the machine. However, due to the force reduction in air-cored 
generators, the cost of maintenance and the price of the bearing system are 
likely to be reduced substantially (McDonald, Crozier et al. 2009).  
 
2.7.5. Number of Phases of Linear Generators 
The number of phases in the PMLGs depends on the design and the 
connection among the coils (sections) in the windings. If the total length of the 
generator coils is shorter than the length of the PMs (Prudell, Stoddard et al. 
2010), the generator is referred to as “short stator”. The short stator 
configuration benefits because all the coils are energised and therefore, they 
generate voltage during the displacement of the PMs. 
 
 
 
Figure 27 Induced voltage for iron-cored and air-cored generator (Oprea, 
Martis et al. 2010) 
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Another PMLG design has been proposed in (Baker, Mueller et al. 2007) with 
is tubular PMLG using 48 coils installed in the stator (Figure 28). The total 
length of the coils (stator) is longer than the total length of the PMs. In the thesis, 
this topology and coil arrangement is referred to as “long stator”. In the long 
stator configuration, not all the coils are covered by the PMs and hence, not all 
coils generate voltage during the translation of the PMs. 
To increase the generated voltage, the coils can be connected in series 
(Figure 29) but to avoid the impedance of the inactive coils’, they have to be 
insulated from the electrical circuit. An inactive coil bypassing system has been 
 
 
 
Figure 28 Long Stator design proposed in (Baker, Mueller et al. 2007) 
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proposed in (Ran, Tavner et al. 2006). The system uses a bypassing pair of 
thyristors connected in parallel with every coil. Because of the current passing 
each thyristor switch, high thermal losses are registered in the thyristors (Ran, 
Mueller et al. 2011). As a result, a new system that reduces the thermal losses 
has been proposed in (Ran, Mueller et al. 2011). The new system adopts 
individual rectification on every coil, where all the coils are connected to a low-
voltage DC bus after rectification. A drawback of this system is the high number 
of components. 
 
 
In general, the long stator generator concept reduces the amount of PM 
material used in the assembly, because the entire flux established by the PMs 
crosses part of the coils at any time of operation. Therefore, it can be concluded 
that the magnets are used more efficiently in comparison with the short stator 
PMLG design proposed in (Prudell, Stoddard et al. 2010).  
Another flat long stator design, proposed in (Hodgins, Keysan et al. 2012), is 
simulated and tested for a flat air-cored PMLG called C-GEN. The structure has 
several advantages over existing generators: 
- air-cored design leads to magnetic force reduction and elimination of 
cogging forces 
- reduction of the PM material used in the generator 
 
 
Figure 29 Inactive coil bypass system proposed in (Ran, Tavner et al. 2006) 
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- improved bearing access 
- due to high number of copper coils, potential problems with coils 
overheating are reduced 
- coil failure does not result in significant reduction of energy harvesting. 
On the other hand, the long stator generator also has several drawbacks: 
- a complicated winding arrangement that requires the design of a special 
grid integration system. 
 
Despite the drawbacks, the author believes that such a design has the 
potential to decrease the overall price of a WEC system owing to the lower 
volume of PMs and the reduction of the magnetic forces, which leads to longer 
lifetime of the bearing in comparison with iron-cored PMLGs.  
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2.7.6. Forces in Linear Machines 
With vertical velocities of marine waves varying between 0 and 2 m/s and the 
desire for high energy harvesting, the size of PMLG can be large (Figure 30).  
 
 
Furthermore, in order to minimise the total reluctance of the magnetic circuit, 
the air gap has to be as small as possible. On the other hand, reduction of the 
air gap increases the magnetic attraction between the magnets and the steel 
core. 
 
2.7.6.1. Cogging forces 
Cogging forces are caused by the interaction between the magnetic field of 
the PMs and the iron core of the PMLG. Such interaction has a latching effect 
on the translator. Moreover, the cogging forces are independent from the 
magnetic fields generated by the armature currents (Bascetta, Magnani et al. 
2007). A visualisation of the cogging forces is shown in Figure 31.  
The cogging forces try to align the magnets with the steel core in a position 
that minimises the total reluctance of the magnetic circuit. When a minimum 
 
 
Figure 30 Direct drive PMLG in AWS compared with human size (Polinder, 
Mueller et al. 2007) 
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reluctance path is established at a certain position, the magnetic forces oppose 
any external force trying change this position (position on the Y-axis). The 
cogging forces generate both vibrations that have to be maintained by the 
bearings and the supporting structure and unwanted noise and latching of the 
generator’s translator (Prudell, Stoddard et al. 2010, Ashabani, Milimonfared et 
al. 2008, Shabani, Milimonfared et al. 2007). 
 
 
Another source of magnetic force is at the longitudinal ends of the linear 
machine. The large difference in the magnetic reluctance, between the steel 
and the air at the end areas of the generator accumulates magnetic forces. 
These forces try to maintain the position with the lowest magnetic reluctance 
(Choi, Baek 2009). 
 
2.7.6.2. Reduction of the Cogging forces 
The reduction of the cogging forces has been investigated in recent years 
and several reduction techniques have been proposed (Faiz, Ebrahimi-salary et 
 
 
Figure 31 Cogging forces (Choi, Baek 2009) 
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al. 2009, Kimoulakis, Kakosimos et al. 2011, Faiz, Ebrahimi-Salari et al. 2010, 
Li, Bai et al. 2009, Kimoulakis, Kladas et al. 2009, Ahn, Lee et al. 2008).  
One technique for reducing the cogging forces is skewing of the PMs. The 
skewing angle of the magnets can be seen in Figure 32a. The skewing angle 
versus the axis of the shaft has a large effect on the cogging force. By reducing 
the angle (Figure 32a) the cogging force curves are being displaced in such a 
way that the peak force is reduced. Skewing the magnets can reduce the 
cogging forces by up to 88% (Faiz, Ebrahimi-salary et al. 2009); however, the 
study does not take into account the effect of this optimisation on the output 
power of the machine. The cogging force resulting from the dynamic simulation 
of different skewing angles can be seen in Appendix A. 
 
 
 
 
 
(a) Skewing angle of the magnets 
 
 
(b) Open coil slots 
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Similarly, another very effective way to decrease the cogging forces is by 
reducing the air regions among the teeth (Figure 32b and Figure 32c). The use 
of semi-closed coil slots rather than open slots can decrease the cogging force 
by 34% (Faiz, Ebrahimi-salary et al. 2009). The main advantage of the semi-
closed slots is the reduction of the magnetic reluctance in the air gap allowing 
the translator to move more easily from one position with an established low 
magnetic reluctance to another Figure 32d. 
 
 
(c) Semi closed coils slots 
 
 
 
(d) Cogging torque difference for open and semi closed slots 
 
Figure 32 Cogging force mitigation (Faiz, Ebrahimi-salary et al. 2009) 
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Additionally, a comparison of PMLGs using different directions of 
magnetisation (axial versus radial) with regard to the cogging forces is made in 
(Faiz, Ebrahimi-salary et al. 2009). The study reveals a 70% reduction of the 
cogging forces when radial magnetised PMs are used.  
An alternative reduction technique is shown in (Li, Bai et al. 2009), where the 
ratio between the width of the stator slots     and the width of the stator teeth 
    is altered (Figure 33b). Two-dimensional FEM simulations suggest a 50% 
reduction (Figure 33d) when a ratio of      0.875 is applied. This technique is 
achieves partial cancellation of the cogging force. However, the study does not 
investigate the effects on the power output caused by flux bypassing the 
windings over the shoes of the stator slots (red arrow in Figure 33b).  
In the same article, another simulation with a four-sided PMLG was carried 
out. The experiment investigates the misalignment between the sides of the 
PMLG in Figure 33a. The results reveal no reduction in the cogging forces at 
constant velocity of the translator. In fact, the cogging forces peak doubled as 
the misalignment was applied.  
 
 
(a) Adjacent sides permanent magnets “allotopia” 
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(b) Width of the stator slot     and the width of the stator teeth     
 
 
(c) Forces comparison between symmetrical pattern and allotopia 
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(d) Comparison between difference     ratios 
 
A different approach for cogging force reduction, shown in (Kimoulakis, 
Kladas et al. 2009), involves manipulating the profile shape of the PMs. The 
shapes investigated in the article are shown in Figure 34. The results are 
obtained by means of FEM and reveal that a bevelled bottom profile reduces 
the cogging forces the most.  
In (Kimoulakis, Kladas et al. 2009), the optimal ratio between the pole width 
(     ) and the magnet width (       ) is investigated. The simulations 
suggest that a ratio of                    can reduce the cogging forces 
significantly. 
 
 
 
 
Figure 33 Effect of “allotopia” on the cogging forces (Li, Bai et al. 2009) 
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Another kind of skewing of the PMs that has been proposed (Ahn, Lee et al. 
2008) is shown in Figure 35. The results report a reduction of around 50% in the 
detent force for the skewed pattern PMLG.  
 
 
(a) Permanent magnet profile shapes 
 
 
(b) Variation of cogging force among difference profile shapes 
 
Figure 34 Permanent magnet profile shapes investigated in (Kimoulakis, 
Kladas et al. 2009) 
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(a) Basic pattern 
 
 
(b) Skewed pattern 
 
 
(c) V-skewed pattern 
 
 
 
(d) Experimental results for cogging force at different skew patterns 
 
Figure 35 Different skew patterns (Ahn, Lee et al. 2008) 
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This technique archives a reduction of the cogging forces by deliberate 
misalignment of the PMs with reference to the winding slots. For the skewed 
pattern, different flux is transferred alongside the length of every winding slot 
(Appendix A) and therefore, the magnetic attraction between the PMs and the 
winding slots is dispersed. As a result, the total cogging force is reduced. 
Furthermore, investigations carried out in (Ahn, Lee et al. 2008) show how the 
force optimisation techniques affect the power output and the efficiency of the 
PMLG. Such an investigation is very important because it shows the wider 
impact of the proposed force reduction techniques. 
Also, a different technique for cogging force reduction, shown in (Shabani, 
Milimonfared et al. 2007, Ashabani, Milimonfared et al. 2008), consists of the 
slotting of the pole-pieces. The basic idea behind this technique is reducing the 
magnetic attraction between the poles and the winding yoke by the introduction 
of high-reluctance slots with larger air-gaps (Figure 36). By using the technique, 
a reduction of around 30% to 40% can be achieved. However, the study does 
not show the additional magnetic reluctance added to the magnetic circuit due 
to the increased air gap length in the slots. Likewise, the effects on the output 
power or induced voltage have not been mentioned. 
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(a) Slotting of the poles 
 
 
(b) Total cogging force after slotting the magnetic poles 
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One of the most common techniques for cogging force reduction is the 
deliberate misalignment of the magnets with respect to the stator shoes. This 
can be achieved by changing the number of slots per pole and phase    . The 
number of slots per pole and phase for a PMLG is the ratio between the integer 
number of phase slots, distributed in an integer number of poles (Ivanova, 
Agren et al. 2005) (Figure 37). A geometrical description of the number of slots 
per pole and phase can be given as: 
 
 
  
  
   
 
(2.4) 
 
where   is the length of the magnetic pole and    is the length of the phase 
slot. 
 
 
 
(c) Cogging force for difference number of slot pieces 
 
Figure 36 Basic idea of the pole-piece slotting (Shabani, Milimonfared et al. 
2007) 
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Practically, by varying the number of slots per pole   and phase from one 
(with regard to 2.29), the misalignment between the coils and the poles in a 
single phase becomes higher but the cogging force is reduced. 
Overall, the above techniques achieve significant levels of cogging force 
reduction. However, as the optimisation is mainly multidirectional, the effects of 
the techniques on other factors such as output power have to be investigated 
further. Slotting of the poles/magnets can be used as an effective method for 
force reduction which does not affect the power output significantly. 
Furthermore, the introduction of winding yoke shoes contributes to cogging 
torque reduction as well as a reduction of the total magnetic reluctance of the 
machine. Such a reduction of the magnetic reluctance will increase the 
generated voltage and hence, the output power. 
Similarly, shaping the PM profile and altering q can be used for force 
reduction, where optimal values have to be selected with regard to the desired 
electrical output, the ability of the bearing to cope with the level of vibrations 
caused by the cogging forces and the volume of PMs. 
 
 
 
Figure 37 Number of slots per pole and phase q (Ivanova, Agren et al. 2005) 
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2.7.6.3. Lorentz forces 
The Lorentz force is generated by the magnetic field established by the PMs 
(McDonald, Crozier et al. 2009) and current flowing in the coils. It can be written 
as: 
 
 
           
 
 
(2.5) 
 
where    is the flux density and   is the current density. This specialises to: 
 
 
             
 
 
(2.6) 
 
if the current is in the Z-direction and the motion is in the X-direction. For 
single   - turn coils, the forces can be written as: 
 
                   (2.7) 
 
where    is the length of the coil,    is the current and 
 
 
     
 
  
       
  
       
  
  
(2.8) 
 
where areas    and    on which the integration is performed coincide with 
the cross-sectional area    of the two coil sides. The total forces can be 
calculated using (2.7) and (2.8). 
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2.7.7. Iron Losses in Electrical Machines 
Generally, three kinds of iron losses occur in electrical machines. The first 
kind is due to hysteresis. These losses appear when a ferromagnetic material, 
such as the silicon stainless steel, is exposed to an alternating magnetic field.  
Owing to the variation of the field, the orientation of the magnetic dipoles varies 
over time. This causes a continuous hysteresis cycle in which, energy is lost 
during each cycle. The energy loss is in the form of heat generated in the 
magnetic cores. The amount of heat is proportional to the operational frequency 
of the field, which is determined by the translational velocity of the PMLG’s 
translator. Generally, direct drive PMLGs have low levels of hysteresis losses 
because of the generally low frequency of the PMs’ field. 
The second type of losses are eddy current losses. The ferromagnetic cores 
in most electrical machines are good conductors of current. When the magnetic 
flux varies during translation, currents (also called eddy currents) are generated 
in the magnetic core via Faraday induction.  Owing to the ohmic resistance of 
the core, the eddy currents generate heat. This problem can be solved by 
laminating the magnetic cores, whereby the lamination is parallel to the 
direction of the flux and the single segments are insulated electrically from each 
other. Thus, the eddy currents are reduced significantly because of the reduced 
cross-sectional area available for induction.  
The third kind of loss is that associated with the copper. These losses are 
caused by the electrical resistance of the copper conductor in the windings. The 
effect of these losses is the heating up of the machine’s windings. 
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2.8. Control and Integration of Direct Drive Wave 
Energy Converters 
Several control techniques proposing adjustments to alter the normal 
frequency of a WEC’s floating buoy have been proposed in (Babarit, Clément 
2006, Nolan, Ringwood et al. 2005, Schoen, Hals et al. 2008, Babarit, Cuclos et 
al. 2003), for which the choice of control system is highly dependent on the type 
of the WEC.  
A technique shown in Figure 38, involves a deliberate holding of the floating 
buoy, releasing it at a moment when sufficient buoyancy force has been 
accumulated. 
 
 
 
 
(a) Vertical oscillation of WEC without holding of the floater (Falnes 1997) 
Water level 
Floater position 
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(c) Excitation force and velocity using holding technique (latching) on 
sinusoidal force (Korde 2002) 
Figure 38 Effect from latching 
 
The advantage of holding can be seen in Figure 38b, where the thinner curve 
represents the incident wave (water level) and the thicker curve shows the 
 
 
(b) Vertical oscillation of WEC with holding of the floater (Falnes 1997) 
 
Floater position 
Water level 
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oscillating floater position. The main purpose of holding the stator in place and 
then releasing it is to maximise the trust force and the buoy velocity of the 
floater, as well as keeping them in phase. By this technique, maximum power 
can be extracted from the wave (Salter, Taylor, Caldwell 2002). The effect of 
the latching on a sinusoidal force can be seen in Figure 38c. 
Every WEC has to transfer its power to the national electricity grid. To 
achieve this, a grid integration system needs to be installed. This system has to 
maintain a constant voltage and frequency on its output. Such a requirement 
can be achieved by using a power electronics system shown in Figure 39.  
In the diagram, it is assumed that the PMLG has three-phase output with 
±120 degree phase shift. The voltage amplitude and the electrical frequency 
can vary significantly depending on sea conditions.  
 
 
The PMLG is connected to the active rectifier, which transforms the PMLG’s 
AC output to DC. The challenge at this stage is that the active rectifier should 
 
 
Figure 39 Control of the grid integration system 
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maintain certain voltage margins at its output in order to satisfy the input 
requirements of the boost converter. This can be achieved by active control 
from the control system and energy storage (capacitor banks) maintaining the 
DC voltage level.  
The voltage at the stage between the active rectifier and the boost converter 
is still low, because of the low power transfer from a single machine. The main 
two functions of the boost converter are to increase and maintain the voltage. A 
feedback loop provided by the control system can maintain these requirements 
in real time. After the voltage is raised at the output terminals of the boost 
converter, it is fed in a DC Link. The DC Link is a common collective bus for the 
entire WEC array and hence, at this level the voltage is maintained high to 
reduce thermal losses caused by large currents flowing into switches and 
cables. After the collective power is fed into the DC Link, it can be exported to 
the grid over an inverter and transformer. Similar control systems have been 
described in (Annuar, Macpherson et al. 2012, Thorburn, Leijon 2007, Wu, 
Zhang et al. 2009, Mueller 2002, Zanxiang Nie, Xi Xiao et al. 2013). 
 
2.8.1. Energy Storage 
Sea conditions are predictable but not controllable; therefore, it is a challenge 
to stabilise the output of the WECs. Such an issue is common for all renewable 
technologies. For this reason, energy storage can be used to stabilise the 
output of the WEC. The size of the storage can vary with the waves’ intensity at 
a particular location. Therefore, this has to be selected based on the wave 
climate.  
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The type of energy storage mechanism differs for every kind of technology. In 
Pelamis, energy storage is achieved by high-pressure tanks with hydraulic fluid. 
In this case, the capacity of the storage is dependent mainly on the volume of 
the tanks. In the overtopping device, storage is achieved by collecting the 
seawater in a reservoir. Similarly, the storage capacity can be increased by 
enlarging the size of the reservoir.  
For WECs using direct drive linear generators, such as the AWS and the 
Wave Point Absorber, the most common technique is a capacitor bank 
connected to the DC link (Figure 39). In such a case, additional capacitors 
(batteries) have to be installed to increase the storage capacity. Storing energy 
in batteries is a mature and diverse technology. Batteries have high surge-to- 
weight-ratios and are recyclable. However, they have rather short operational 
life and contain toxic materials.  
Another form of storage is Compressed Air Energy Storage. Compressed air 
can be considered as good alternative because it is an environmentally clean 
way of storing energy, it does not include any chemical reactions in its cycle and 
overall efficiencies from 50% to 70% have been reported (Joseph Simmons, 
Ardeth Barnhart, Stanley Reynolds, Young-Jun Son, Alex Cronin AUGUST 
2010, Brian Elmegaard , Perry Y. Li, Eric Loth, Terrence W. Simon, James D. 
Van de Ven, Stephen E. Crane ). Storing energy in compressed air can deliver 
potentially huge amounts of energy, fast response times and it is generally 
considered as an inexpensive way of storing energy. However, the technology 
requires sealed storage containers. 
Kinetic energy can be stored in rotating masses (Flywheel energy storage). 
The mass is rotated by an electric motor, which can also be used as a 
generator. Flywheels benefit from low maintenance and long lifespan. To 
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reduce maintenance, magnetic bearings can be used. Similarly, the mass 
rotating in a vacuum can reduce the friction of the air and therefore increase the 
efficiency. Furthermore, flywheels do not release any carbon emissions and do 
not have toxic components. As the mass is spinning at all times, high response 
time can be achieved. On the other hand, flywheels suffer from high acquisition 
cost as well as low storage capacity (Andreas Oberhofer July 2012). 
Another form of energy storage is a Superconducting Magnetic Energy 
Storage. The concept of this system is to store energy in the form of an 
electromagnetic field in a superconducting coil. The coil consists of a conductor 
operating at very low temperatures and having zero electrical resistance. This 
can potentially deliver overall efficiency of 90% to 95%. The cycle does not 
contain an environmental hazard; however, it does require a cooling system to 
maintain the temperature low and it is expensive in production and maintenance. 
This system can be used for frequency balancing in real time owing to its fast 
response times but it is not efficient for long-term use because of energy losses 
of approximately 12% per day (Andreas Oberhofer July 2012). 
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2.9. Discussion 
In this chapter, the currently proposed designs for direct drive linear 
generators for WECs are presented and a discussion outlining some of their 
advantages and disadvantages has been conducted.  
The author’s observation is that there is a lack of investigation how the 
proposed force reduction techniques affects the electrical power output of the 
machines in many of the publications. As the electrical output is an essential 
factor in the time for the Return of Investment (RoI) of the WEC, this is a highly 
important point that needs to be addressed. 
From the publications reviewed in the chapter, it can be concluded that the 
iron- and the air-cored PM linear machines offer significant potential for direct 
drive WECs. The main reasons for this are the strong excitation flux provided by 
the high number of PMs delivering high induced voltage and also the simplicity 
the in design, which contributes to the structural integrity. 
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3. Investigation into Flat Iron-cored 
Permanent Magnet Linear Generator 
 
3.1. Introduction 
In this chapter, a design for a flat longitudinal flux PMLG for a marine wave 
energy converter is analysed. The influence of parameters, such as the number 
of slots per pole, phase   and the number of translator’s winding sections (coils) 
are analysed with respect to the cogging forces and to the output power of the 
PMLG. By taking into account the above parameters, an optimisation of the 
PMLG is performed. The optimisation aims to reduce the forces of magnetic 
attraction between the stator and the translator, in addition to increasing the 
electrical output of the generator. By reducing the magnetic attraction forces, 
the maintenance cost of the WEC can be reduced. Additionally, increasing the 
energy harvesting of the generator will reduce the RoI time of the WEC.  
Three-dimensional FEA is used for solving the combined field and circuit 
equations of the generator. FEA is used as a simulation tool because of its high 
accuracy when applying small design changes. Moreover, the simulations are 
performed using 3D FEA with a time-varying electromagnetic field, taking into 
consideration the nonlinearity of the silicon steel in the magnetic cores of the 
generator. Furthermore, full-size generator models are simulated, taking into 
account the magnetic flux distribution in the air gap and in the regions at the 
longitudinal ends. An experimentally recorded vertical marine wave 
displacement is applied to the generator’s translator in the simulations.  
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3.2. Investigation into Single Sided Iron-Cored 
Linear Generator 
 
3.2.1. Generator Description 
In this chapter, it is assumed that the PMLG’s stator is assembled from the 
permanent magnets, the separators, and the upper magnetic core. The 
separators are made from non-magnetic and non-electrical conducting material 
and they are required in order to maintain the position of the permanent 
magnets against axial displacement. In addition, the PMLG’s translator is 
assembled from the lower magnetic core and the windings (Figure 40b). 
The magnetic cores of the machine are formed by laminated silicon steel with 
a 95% stacking factor and they are treated as magnetically nonlinear material 
with single value magnetisation characteristics.  
The translator teeth are finished with shoes to optimise the flux distribution. 
Generally, the implementation of shoes decreases both the power ripple and 
the magnetic reluctance of the air gap. In addition, reduction of the cogging 
forces in linear machines can be also achieved (Ivanova, Agren et al. 2005). 
The windings’ excitation flux is provided by Neodymium-Iron-Boron magnets 
with magnetisation direction parallel to the Y-axis (Figure 40b). Furthermore, in 
order to increase the accuracy of the simulation results, the PMLG has full 
translator models and therefore, the influence of the longitudinal ends can be 
taken into account. Moreover, a repetitive boundary condition is applied to the 
translator, which is a common approach for linear generator simulations 
(Danielsson, Eriksson et al. 2006).  
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Generally, the single-sided PMLG can be used in WEC but high attraction 
forces will be generated in the Y-axis. Another configuration can be achieved by 
stacking a number of single-sided PMLGs in a single structure in such a way 
that the forces in the Y-axis are reduced (by opposing them). Similar single-
sided design and multiple-sided structures are shown in (Danielsson, Leijon et 
al. 2005, Ivanova, Agren et al. 2005, Leijon, Bernhoff et al. 2005).  
In this chapter, the investigation is focused mainly on the cogging forces and 
the power delivery of a single-sided unit. However, the forces in the Y-axis are 
also presented because they are important for the design of the welding, the 
connections and the supporting structure. 
In the simulations, the translating velocity applied to the PMLG is a vertical 
time-velocity sequence of waves that has been recorded by a wave probe for a 
period of 150 seconds near the southeast coast of the UK (Figure 40c).  
The number of slots per pole and phase   for the generator shown in Figure 
40 is 1.2 (6/5). This means that five poles have the same length as six three-
phase translator slots (or eighteen single-phase slots). For convenience, the 
value of   = 6/5 can be also presented as 1.2. Thus, one pole covers 1.2 
translator slots. By using such a presentation for  , it is possible to analyse 
values that differ from the standard ones shown in (Ivanova, Agren et al. 2005). 
 
3.2.2. Load and No-load Operational Characteristics 
The EMF of the permanent magnet linear generator can be shown as: 
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where     is the flux linked with the   - phase winding, which can be 
calculated by: 
                              
             
 
  
    
(3.2) 
 
where    is the pole pitch,   is the linear displacement,     is the number of 
turns in the   - phase and      is the maximum flux calculated via the FEA. The 
EMF in phase   is: 
 
 
   
    
  
 
  
  
            
 
  
    
  
  
 
(3.3) 
 
The EMF from phases B and C can be calculated by applying phase shifts of 
±120 degrees.  
The voltage and the current under load in phase   can be calculated as: 
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where        and      are the self and mutual inductances, respectively. The 
equivalent circuit of the PMLG is shown in Figure 40a. 
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(a) Equivalent circuit of the PMLG 
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(b) 3D view of single sided base model of the PMLG 
 
 
(c) Experimentally recorded vertical time- velocity sequence of marine waves 
 
Figure 40 Single sided PMLG and recorded time-velocity sequence 
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The main dimensions of the generator are shown in Table 1. The generator 
has three-phase windings, where each winding consists of six winding sections 
connected in series. Furthermore, each winding section consists of six coils 
connected in parallel, as shown in Appendix C. Each winding is shifted by ±120 
degrees from the other two. Additionally, every winding has a total resistance of 
0.9 ohm (base model). Additional explanation about the circuit arrangement is 
given in Appendix C. The single- and the double-sided generator designs are 
inspired by (O. Danielsson, K. Thorburn, M. Eriksson, M. Leijon 2003), although 
Table 1 Main Dimensions of the single sided PMLG 
 
 
DIMENSIONS 
Parameter Axis 
 Translator length [mm] X 612 
Translator width [mm] Z 600 
Winding  length [mm]  Y 88 
Translator height [mm] Y 151 
Permanent magnet length [mm] X 85 
Pole pitch length [mm] X 118.8 
Coil slot length [mm] X 15 
Translator teeth length [mm] Y 18 
Air gap  length [mm] Y 3 
 
ELECTRICAL CHARACTERISTICS 
Number of turns per winding section 24 
Number of turns per coil 4 
Number of slot per pole and phase,    1.2 (6/5) 
Winding resistance [ohm] 0.9 
Resistive three-phase star connected load [ohm] 5 
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the parameters have been scaled down (where appropriate) to the sizes shown 
in Table 1. 
 
3.2.3. Magnetic circuit of the machine 
The magnetic circuit of the single-side PMLG is shown in Figure 41, in which 
    is the Magneto Motive Force (MMF) source of the permanent magnets and 
   and      are the reluctances in the magnetic core. Similarly,    to     are the 
magnetic reluctances of the teeth of the translator,     to      are the magnetic 
reluctances in the air gap between the permanent magnet and every single 
tooth. They are identified by colour codes on the right-hand side of the figure. In 
this magnetic circuit, it is assumed that every magnetic pole (covered by the 
length of the translator teeth) is connected with the closest four translator teeth. 
At certain positions of the translator where the teeth (end shoes) are located 
between two magnetic poles, they are linked with both poles and linkage is 
given as two reluctances:      and       (  - tooth number). Furthermore, the 
values of      are the magnetic reluctances of the permanent magnets and      
represents the reluctance of the air between the magnets outside the translator. 
These reluctances (    ) are constant and they do not affect the main magnetic 
circuit. The purpose of showing them is to present the magnetic circuit outside 
the length of the translator.  
The magnetic poles located outside of the translator are connected with the 
final one or two translator teeth. If the permanent magnet (at the longitudinal 
end) is outside of the translator length, it is considered that the magnet is 
connected to the final tooth (   ). Alternatively, if the magnet covers the last 
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tooth it is considered that the magnet is connected to the final two translator 
teeth (     and    ). 
The analytical modelling technique does not take into account the effects of 
the saturation of iron in the magnetic cores of the generator. 
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Figure 41 Magnetic circuit of the single sided PMLG 
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The voltages generated in the coils are dependent on the magnetic flux 
passing the teeth surrounding them (flux over   ). The flux path in the translator, 
contributing to voltage generation (therefore, to energy harvesting) is through 
reluctances    –    –          –      –     –     –     –     –          –    – 
  .  
However, when a tooth is located between two poles such as the 4th, 11th and 
18th teeth in Figure 41, part of the flux goes through the tooth shoe, bypassing 
the tooth. For instance, in the case of the 4th tooth, part of the magnetic flux will 
follow the contour of      –      –     –     –     –     –     –    . Such 
leakage of flux is not beneficial to energy harvesting and can be considered a 
loss. A reduction of the flux can be achieved by altering the width of the shoes 
along the X-axis. 
The total magnetic reluctance of a single-sided PMLG’s section with a length 
of 8 teeth can be presented as: 
  
                            (3.6) 
 
where        is the total magnetic reluctance of the area indicated by pink 
shading in Figure 41. Furthermore, where    is one-half of the reluctance of the 
translator, it can be calculated as follows (Appendix C): 
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               (3.8) 
where    is the number of the reluctances shown on the right-hand side 
(with colour code) in Figure 41 and can be presented as: 
  
 
       
    
     
 
(3.9) 
 
 
    
      
     
 
(3.10) 
 
 
    
     
     
 
(3.11) 
 
where      is the length of the air gap between the centre of the permanent 
magnet and the centre of the shoes and        is the length of the coil`s slots in 
the magnetic core. The permeability of the air and the magnetic core are given 
by    and    [H/m] respectively and    is the area of the pole face. 
Using the equivalent reluctance the magnetic circuit can be presented as 
simple circuit with an MMF source connected to a single magnetic reluctance. 
Hopkinson’s law is a counterpart to Ohm’s law and can be used in magnetic 
circuits: 
 
             (3.12) 
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where    is the total magnetic flux of the magnetic circuit (i.e., the flux 
passing     ). Similarly, the magnetic flux density in the air gap can be 
presented as: 
 
 
   
  
  
  
(3.14) 
 
The analytical calculations are performed using Matlab and the results for the 
flux density in the air gap show a difference of 5.5% in comparison with the FEA 
results for a static simulation. 
 
3.2.3.1. Finite Element Analysis flux distribution  
The magnetic circuit of the machine, simulated by FEA, leads to the two main 
flux distribution modes shown in Figure 42. If translation with constant velocity 
occurs, the magnetic patterns will oscillate between the two modes shown in 
Figure 42. In the pole-concentrated magnetic distribution mode, the flux is 
distributed mainly under the magnetic poles. 
 
 
 
 
(a) Pole concentrated flux distribution mode 
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Such distribution leads to high concentration of flux and therefore the 
operating point of the teeth is close to saturation. The saturation level in the 
translator for the even flux distribution mode (Figure 42b) is lower due to the 
grater distributed flux in the magnetic core. 
 
3.2.4. Force Calculations in Finite Element Analysis 
The continuous operation of every electro-magnetic machine depends on the 
forces acting on the bearings. The forces of attraction are caused by the 
interaction between the permanent magnets and the iron core of the PMLG. 
The longitudinal ends of the generator become additional sources of force 
because of the big step-change in the magnetic reluctance (Choi, Baek 2009).  
The calculation of the forces is interesting from many perspectives, and is an 
important parameter in studying: the generator bearing system, the buoy line 
forces, the mechanical stress, and fatigue in the supporting structure.  
The force calculation analyses are done on the 2D models and verified by 
the 3D models of the machines. The 2D models have a mesh of around 25 000 
to 50 000 elements (depending on the size of the machine) and the 3D models 
have a mesh with 300 000 to 600 000 elements (also depending on size of the 
machine).  
 
 
(b) Even flux distribution mode 
 
Figure 42 Different flux distributions in the PMLG 
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The number of elements for the 3D models is based on the period of the 
waveform of the cogging force at the maximum velocity of the translator 
(Appendix D). Furthermore, the element choice for the 2D model is selected 
based on the deviation from the 3D results. For example, if the element number 
for the 2D models is low, the deviation from the 3D results (voltage, current and 
forces) will be high. The deviation decreases with an increasing number of 
elements for the 2D models. However, at a certain point there is saturation, 
whereby increasing further the number of elements for the 2D models does not 
contribute to a lesser deviation. As a result, the number of elements for the 2D 
models is based on the above saturation point.  
In the 2D and the 3D models, a repetitive boundary has been applied for the 
translator on the X-axis in order to reduce the mesh size. Moreover, full 
windings are used without applying symmetrical/asymmetrical FEM coils 
(winding circuit is the same as seen in Figure 43) and therefore, no repetitive 
boundary is applied on the winding yoke. Furthermore, in the 2D simulations, 
the reparative boundary has been applied in the Z-axis, where the length of the 
boundary is the same as the actual width of the machine in 3D.  
 
3.2.5. Simulated Results 
The simulations in this chapter are performed by means of 2D and 3D FEM, 
where the 2D results are verified with the corresponding full 3D model. In Figure 
43, the magnetic flux density and the magnetic orientation (as vectors) are 
shown. In addition, a comparison between the 2D and 3D FEM simulations is 
shown in Figure 44.  
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Figure 43 Magnetic flux distribution in the single sided PMLG  
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(a) No-load voltage comparison 
 
 
(b) Magnetic flux comparison 
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For the simulations in Figure 44a and Figure 44b, a sine wave has been 
applied as the velocity for the translator. The sine wave has period of 1.5s and 
amplitude of 0.76m/s. For the simulation in Figure 44c, part of the graph shown 
in Figure 45c is used to present the difference in cogging force. The current 
density of the copper coil wires is 0.43 A/mm2 at peak power (a consideration is 
made that 75% of the cross-sectional area of the coils is copper and 25% is 
insulation). 
 
The comparison confirms that the magnetic flux and the voltage are very 
similar. However, a difference can be observed in the cogging forces (Figure 
44c).  
 
 
 
(c) Cogging force comparison 
 
Figure 44 Comparisons between 2D and 3D FEM simulation results 
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 3.2.5.1. Magnetic Forces 
A comparison is presented in Figure 45c between the magnetic force at no-load, 
(cogging force) and the magnetic force under load. The total force is the sum of the 
cogging force and the magnetic force caused by the armature reaction in the 
machine. 
In Figure 45c it can be observed that the total force can be several times higher 
than the cogging forces. However, the cogging force has much higher frequency 
which can cause vibrations, underwater noise and electrical power oscillations 
(Kimoulakis, Kladas et al. 2009, Faiz, Ebrahimi-Salari et al. 2010, Shabani, 
Milimonfared et al. 2007, Ashabani, Milimonfared et al. 2008). Another unwanted 
effect that can be caused by the cogging force is mechanical resonance, which 
occurs when the frequency of the cogging forces is similar to the resonant 
frequency of the supporting structure or the generator itself.  
 
 
(b) Three-phase power and current under load 
 
 (a) No-load phase voltage  
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In the simulations under load, a three-phase (star connected) 5-ohm active load 
is connected to the generator windings. Furthermore, a constant velocity of 1 
m/s is applied to the machine translator. 
 
3.2.5.2. Different Numbers of Slots per Pole and Phase q 
In this chapter, the magnetic force levels for different values of   are 
presented as single numbers, where the number is evaluated from the 
simulated force in the time domain. The intention is to present an optimal 
number for  . The method for calculating the single numbers by using the 
sample graph in Figure 46a is explained below: 
 
1. The data shown in Figure 46a is converted to absolute values in 
Figure 46b. 
 
 
(c) X-axis forces at load and no-load (cogging force)  
 
Figure 45 Results for the base model at constant velocity of 1m/s 
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2. In Figure 46b, the values of the peak force (in red circle) and 60% of 
the peak are established. 
3. The upper part of the graph (from 60% to 100%) shown as the pink 
area in Figure 46b is analysed.  
4. The values within the pink area where the tangent to the graph is 
parallel to the time axis are obtained. The values are shown as blue 
dots in Figure 46b. 
5. Finally, an average of the values obtained from the blue dots in Figure 
46b, is calculated and this average number is taken as representative 
of the force level in the sample graph. 
 
The main objective of the above technique is to calculate two factors. The first 
is to show the average amplitude of the peak forces (60% to 100%) and the 
other is to take into account how often the generator reach forces higher than 
60%.  For example, if the majority of the peaks lie between 60% and 70%, a 
lower average will be established in comparison with the case where the 
majority of forces lie between 70% and 80%. Therefore, by using this method, 
not only can the peak force can be taken into account but also, it can be 
assessed how often that peak force is reached. 
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The purpose of this approach is to evaluate a single number, which is 
representative of the peak forces of the entire simulation period in the time 
 
 
(a) Sample graph in time domain 
 
 
(b) Evaluation of single number representing the sample graph 
 
Figure 46 Calculating single number representing the cogging forces 
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domain. The minimum level (in this case 60%) can be altered. The decision that 
only forces higher than 60% are to be included is made in order to include a 
greater number of peaks. The high number of peaks is important in reducing the 
error in the peak forces from the FEA simulations. 
 
 
 
 
 
(a) Cogging forces (X-axis) for   = 0.8, 0.9, 1.0 
 
 
(b) X-axis (cogging forces) for   = 1.1, 1.2, 1.3 
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It is shown in Figure 47c that the highest RMS power can be established at   
= 1, where the flux seen by each winding section has the highest amplitude. 
However, at the value of   = 1, there is high force disturbance. Such forces 
parallel to the X axis can also affect the latching/unlatching control systems of 
the WEC. 
In Figure 47c the cogging forces for every value of   are presented as single 
values using the approach shown above. It can be observed that the generator 
model with   = 1.1 has the lowest number of cogging forces and relatively high 
output power and therefore, this can be considered as an optimal choice for  . 
 
 
 
  
 
 
(c) X-axis cogging force as single values and RMS power output for different 
number of q 
 
Figure 47 X-axis forces for single sided PMLG 
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The simulated magnetic total forces when the generator is connected to an 
active electrical load are shown in Figure 48. It can be seen that the cogging 
force can be several times lower that the total force, where the total force is the 
sum of the armature reaction in the PMLG and the cogging force. However, the 
frequency of the cogging forces could be up to twenty times higher. In addition, 
 
 
(a) X-axis forces under-load for   = 0.8, 0.9, 1.0 
 
 
(b) X-axis forces under-load for   = 1.1, 1.2, 1.3 
 
Figure 48 X-axis total forces under-load for different values of   
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the amplitude of the total force is dependent on the power output of the machine, 
i.e., the magnitude of the armature currents. 
 
 
 
The magnetic forces in the Y-axis are shown in Figure 49, which illustrates 
that the attraction force in the Y-axis is very high and that the force is only 
 
(a) Forces under load in Y-axis for   = 0.8, 0.9, 1.0 
 
 
(b) Forces under load in Y-axis for   = 1.1, 1.2, 1.3 
 
Figure 49 Y-axis forces under-load for different values of   
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positive, due to the single-sided magnet arrangement.  The machine’s bearing 
might find such high forces difficult to handle. The forces can be eliminated by 
stacking several single-sided structures in a multiple-sided PMLG (such as two 
or four sides). In theory, all the forces in the Y-axis are opposing and eliminating. 
However, because of imperfections in construction, this cannot be fully 
achieved fully and some of the force (in the Y-axis) remains. 
 
3.2.5.3. The Effect of Different Number of Winding Sections 
This chapter presents results from simulations of the single-sided PMLG with 
windings distributed from two to nine sections (coils), where all parameters 
remain the same as the base model, except for the number of sections and 
consequently, the translator yoke length. The winding sections are connected in 
series (Appendix C) and each of them has 0.15-ohm resistance. Therefore, the 
resistances of the windings vary with the number of sections connected, which 
can be calculated by: 
 
                     (3.15) 
 
where   is the number of winding sections connected in series. The 
simulation results are presented in Figure 50, where a significant difference in 
the electrical output can be observed when varying the numbers of sections.  
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(b) X-axis cogging force for generator with 6, 7, 8 and 9 winding sections 
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 (a) X-axis cogging force for generator with 2, 3, 4 and 5 winding sections 
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It can be considered that the high power output is delivered in the range from 
two to six sections. However, the highest forces also appear in this area. 
Therefore, a consideration could be made (Figure 50c) where the optimal 
number of winding sections is three, based on the lowest ratio between the 
output power and the level of cogging forces. However, it is important to note 
that this optimal number, presented in this set of results, is valid only for 
generators where   = 1.2. For generators with different values of  , the 
optimum number can be different.  
 
3.2.5.4. Different Number of Magnets Mounted on the Translator 
The simulations in this section are made by applying a fixed base model’s stator 
and a number of magnets mounted on the translator, depending on the length of 
the translator yoke. The generators with six and seven magnets covering the 
 
 
 
(c) X-axis (cogging force) as single values and RMS power output for 
different number of winding sections 
 
 
Figure 50 X-axis forces and RMS power output  
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translator’s length are shown in Figure 51. 
 
 
 
It has been established previously that odd and even poles cause different flux 
distributions within the magnetic core (Danielsson, Leijon 2007). The obtained 
results for the static flux distribution show high similarity to the results from 
(Danielsson, Leijon 2007) (Figure 51). 
The effect of the different flux distribution on the PMLG’s cogging forces is 
investigated in this section. The investigation involves three sets of generators with 
even and odd numbers of magnets.  
 
 
 
(a) PMLG with 6 magnets covering the length of the translator yoke 
 
 
(b) PMLG with 7 magnets covering the length of the translator yoke 
 
Figure 51 Flux distribution in PMLG with even and odd number of magnets 
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 (a) Cogging force for models with 5 and 6 magnets 
 
 
(b) Cogging force for models with 7 and 8 magnets 
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The cogging forces for the first set: five and six magnets are shown in Figure 52a, 
the other two sets with 7 and 8 magnets and 15 and 16 magnets are shown in 
Figure 52b and Figure 52c, respectively. It can be observed that short translators 
with an odd number magnets cause a reduction of cogging forces compared with 
translators with an even number of magnets. The difference in the cogging forces 
between the odd and even numbers of magnets is up to 32%. As the length of the 
translator is increased, the difference in the cogging forces between the even and 
odd numbers of magnets is decreased (Figure 52b and Figure 52c). 
The single-sided PMLG has the disadvantage of having very high magnetic 
attraction forces in the Y-axis. The forces remain at any operation mode and 
velocity. Furthermore, the forces can be destructive for the system’s bearings. As a 
result, a double-sided generator is considered as an alternative approach, which 
can deliver a reduction of the forces. This reduction is achieved by adding a mirror 
copy of the winding yoke, placed symmetrically opposite the existing one. In this 
way, the attraction forces between the magnets and the steel are in opposing 
directions, resulting a significant reduction of the total magnetic force on the 
 
 
(c) Cogging force for models with 15 and 16 magnets 
 
Figure 52 Different number of magnets mounted on the translator 
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permanent magnets (in the Y-axis).  
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3.3. Investigation into Double-Sided Iron-Cored 
Linear Generator 
 
3.3.1. Generator Description 
In this section it is assumed that the PMLG`s stator is assembled from the 
permanent magnets and the separators. Similarly, the translator is collected 
from two aligned magnetic cores on both sides of the stator with copper coils 
placed in slots.  
 
 
The magnetic cores are formed from laminated silicon steel with a stacking 
factor of 95%. In the FEA simulations, the magnetic cores are treated as 
magnetically nonlinear materials with single value magnetisation characteristics. 
Furthermore, the translator teeth are finished with edge-shaped shoes forming 
semi-closed slot openings. The use of semi-closed slot openings decreases the 
 
 
Figure 53 Linear velocity of the translator 
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power ripple and reduces the magnetic reluctance of the air gap (Ivanova, 
Agren et al. 2005). Similarly, the generator’s excitation is provided by NdFeB-35 
magnets with a magnetisation direction parallel to the Y-axis.  
The motion applied on the translator is an experimentally recorded vertical 
velocity/time sequence of stochastic sea conditions. The sequence was 
recorded by a wave probe over a period of 20 seconds near the South East 
coast of the UK ( 
Figure 53). The focus of this chapter is to achieve an optimisation of the 
PMLG. Therefore, it is considered that the translator follows strictly the motion 
of the water surface and the effect of control techniques (such as the latching) 
on the translator is not taken into account. 
The generator shown in Figure 54 has three windings assembled by six 
winding sections connected in series. Each winding section consists of six coils 
connected in parallel. The voltages generated from each winding are shifted by 
±120 degrees. Therefore, a standard three-phase rectifier can be connected 
directly to the generator terminals. 
The magnetic circuit of the machine is shown in Figure 55, where the magnetic 
reluctances in the air gap vary in the same way as the single sided PMLG 
shown the previous section. Also, the number of slots per pole and phase   is 
1.2 (Figure 54). Furthermore, the winding configuration and electrical 
characteristics used for the double-sided machine are the same as those used 
for the single-sided machine, which can be seen in Table 2. In the double-sided 
machine, the windings are doubled; therefore, so is the total electrical 
resistance of the windings. The winding sections of the double-sided PMLG are 
connected in series forming three-phases (Appendix D). 
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The flux distribution modes shown in section 3.3.3.1. are also present in the 
double-sided structure. Generally, the total magnetic reluctance of the double-
sided generator is higher in comparison with the single-sided one because is 
double the air gap. However, the double-sided structore allows the installation 
of twice as many coils, contributing to higher generated voltages and therefore, 
better use of the PM flux can be achieved. 
 
 
 
 
 
 
Figure 54 PMLG with six winding sections 
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Table 2 Main Dimensions of the double sided PMLG 
 
 
DIMENSIONS 
Parameter Axis 
 Translator length [mm] X 612 
Translator width [mm] Z 600 
Winding  length [mm]  Y 88 
Translator height [mm] Y 318 
Permanent magnet length [mm] X 85 
Pole pitch length [mm] X 118.8 
Coil slot length [mm] X 15 
Translator teeth length [mm] Y 18 
Air gap  length [mm] Y 2x3 
 
ELECTRICAL CHARACTERISTICS 
Number of turns per winding section 24 
Number of turns per coil 4 
Number of slot per pole and phase,    1.2 (6/5) 
Total Winding resistance [ohm] 1.8 
Resistive three-phase star connected load [ohm] 5 
 
The main dimensions and the electrical characterictics are given in Table 2. The 
two winding yokes are connected in series, whereby coils 16, 26, 36, 46, 56 and 
66 from the first magnetic yoke are connected with coils 11, 21, 31, 41 and 51, 
respectively, from the second yoke (Appendix C). 
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Figure 55 Magnetic circuit of double sided PMLG 
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Figure 56 Magnetic flux density in the linear generator 
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The total magnetic reluctance of a section with a length of two poles is given 
in (3.16) (pink area in Figure 55). The total magnetic reluctance is calculated in 
the same way as the reluctance for the single-sided PMLG and represents the 
reluctance of an equivalent circuit that has a single flux source and a single 
reluctance (pink area in Figure 55): 
 
                        . (3.16) 
 
The magnetic circuit of the double-sided structure is a mirror copy of the 
single-sided one with the same dimensions of the poles and teeth, etc. The 
analytical calculations of the flux density in the air gap of the double-sided 
model reveal a difference of 7% in comparison with the static FEA simulation 
results for the flux density. 
 
 
3.3.2. Finite Element Simulation Results 
 
3.3.2.1. Effect of Number of Slots per Pole and Phase q 
In this section, the magnetic forces between the stator and translator are 
shown in the X- and Y-axes. The forces parallel to the X-axis do not affect the 
bearings directly due to the free bearing motion on the X-axis but they do cause 
latching of the translator, unwanted noise and vibrations (Prudell, Stoddard et al. 
2010). The forces parallel to the Y-axis are directly destructive to the bearings 
and the supporting structure due to the translator’s locked freedom on the Y-
axis.  
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The forces affect the bearings and the supporting structure in different ways 
and therefore, minimising them is important with regard to maintenance costs 
and the structural integrity of the WEC. 
 
 
 
 
 
(a) Y-axis magnetic forces for   = 0.8, 0.9 and 1.0  
 
 
(b) Y-axis magnetic forces for   = 1.1, 1.2 and 1.3 
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To perform the simulations in the Y-axis, 3D models with high mesh 
resolution are used to increase the accuracy for the force calculation. A 
representation for the simulated forces in the time domain is given in Figure 57a 
and Figure 57b. The results reveal that the highest forces and the highest RMS 
power output occur when   = 1.   
 
 
(c) RMS power output and Y-axis forces against different   as single values 
 
Figure 57 Y-axis forces and RMS power for double-sided PMLG 
0 
10 
20 
30 
40 
50 
0 
0.5 
1 
1.5 
2 
2.5 
0.8 0.9 1 1.1 1.2 1.3 
R
M
S
 P
o
w
er
 [
k
W
] 
F
o
rc
e 
[k
N
] 
Number of slots per pole and phase q 
Force Power  
N. P. Gargov  University of Exeter 
134 
 
 
 
 
 
(a) X-axis magnetic forces for   = 0.8, 0.9 and 1.0 
 
 
(b) X-axis magnetic forces for   = 1.1, 1.2 and 1.3 
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In Figure 58a and Figure 58b, the X-axis forces are shown in the time 
domain. In Figure 58c, a presentation of all the forces as single number is 
shown. Moreover, in the same figure, the RMS powers for each   are 
calculated over the complete time series shown in  
Figure 53. The current density for the models with a 50 kW output power (  = 
1) is 0.8 A/mm2. It can be seen that the cogging forces follow a very similar 
pattern to those of the single-sided PMLG. However, their magnitude is 
approximately twice as great. The reason for this is the double sided structure 
of the generator doubles the number of teeth attracting the PMs. Moreover, the 
harvested electrical energy is also higher.   
In Table 3, the Force-to-Power ratio for the X- and Y-axes is presented for all 
values of  . As the aim of the optimisation is to minimise forces and maximise 
electrical power, the lowest numbers in Table 3 define the optimal value for  .  
 
 
 
(c) RMS power output and X-axis forces against different   
 
Figure 58 X-axis forces and RMS power for double-sided PMLG 
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The results for the X-axis reveal   = 1.1 as optimal and the results for the Y-
axis reveal that   = 0.9 is optimal. This ratio is important because the maximum 
output power can be determined by knowing the level of the acceptable forces 
for the bearings (Y-axis) and the level of the acceptable vibrations (X-axis). 
Therefore, for different bearing systems and different WEC supporting 
structures the numbers could vary. For the purpose of this optimisation, the 
optimal number of   is suggested based on the lowest Force-to-Power ratio. 
 
3.3.2.2. Effect of Different Numbers of Winding Sections 
In this section, translators with different number of winding sections are 
simulated. Results obtained from models with windings distributed from two to 
nine sections are shown. All parameters except the number of the sections (and 
consequently the translator length) are the same as the parameters in Table 1. 
As the generators simulated in this section have a different number of winding 
sections, the total winding resistance differs and it can be calculated by: 
 
                      (3.17) 
Table 3 Force-to-Power ratio for X- and Y-axes 
  X-axis [N/W] Y-axis [N/W] 
0.8 1.09268 0.28963 
0.9 0.16689 0.02599 
1 0.13797 0.03192 
1.1 0.10472 0.03072 
1.2 0.32813 0.04635 
1.3 0.68359 0.31445 
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where:   is the number of winding sections connected in series. 
 
 
 
 
 
(a) Y-axis magnetic forces for 2, 3, 4 and 5 winding sections 
 
 
(b) Y-axis magnetic forces for 6, 7, 8 and 9 winding sections 
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In Figure 59a and Figure 59b, the forces parallel to the Y-axis are shown in 
the time domain and also in Figure 59c, the force levels representative for all 
numbers of winding sections are calculated by the approach shown in Section 
3.3.5.2.  
To perform the simulations in the Y-axis, 3D models with high mesh 
resolution are used to increase accuracy for the force calculation. The 
simulation results show that the highest force appears for those generators with 
the lower number of winding sections. The effect from the misalignment 
between the stator poles and translator teeth (  =1.2) is the main reason for this 
result. In short translators this misalignment has less effect; however, for longer 
translators the misalignment becomes higher than the length of the pole. 
Therefore, the peaks of the cogging forces for every tooth do not occur at the 
same point in time. Additionally, the result for the RMS power output is also 
 
 
(c) Y-axis single values of forces for different numbers of winding sections 
 
Figure 59 Y-axis forces and RMS power for double-sided PMLG 
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shown in Figure 59c. It can be seen that the highest power output can be 
achieved with five winding sections.  
 
 
To compare the generator models on the same basis regarding the PM 
volume, the simulated models should have the same length of maximum 
translation of the translator. Therefore, the total length of the stator is assumed 
to be the length of the translator plus an additional 1.5 metres, where free 
maximum translation is allowed. In Figure 60, the volume of permanent magnet 
material is calculated for generators with different numbers of sections. The 
results are averaged to the nearest magnetic pole. 
In Figure 61a and Figure 61b the forces parallel to the X-axis are shown in 
the time domain. The single numbers representing the forces are shown in 
Figure 61c.  
 
 
 
Figure 60 Volume of PM material versus different number of sections 
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 (a) X-axis (cogging forces) for 2, 3, 4 and 5 winding sections  
 
 (b) X-axis (cogging forces) for 6, 7, 8 and 9 winding sections 
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Table 4 shows the Force-to-Power ratio in the X- and Y-axes for generators 
with different number of winding sections and Power-to-PM volume ratio. The 
results reveal an optimal number of three winding sections for the X-axis force 
and seven sections for the Y-axis force. 
 
 
 
(c) X-axis single values of forces for different number winding sections  
 
Figure 61 X-axis forces and RMS power for double sided PMLG 
Table 4 Force-to-Power [N/W] and Power-to-PM volume ratio [W/m3] 
ratios for X- and Y-axes 
 
Number of sections 
 
X-axis 
[N/W] 
Y-axis 
[N/W] 
Power-to-PM volume ratio 
[W/m3] 
2 0.250 0.375 579 
3 0.175 0.225 862 
4 0.359 0.110 1156 
5 0.299 0.070 1125 
6 0.354 0.061 1019 
7 0.230 0.049 776 
8 0.226 0.056 542 
9 0.563 0.061 329 
0 
5 
10 
15 
20 
25 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
2 3 4 5 6 7 8 9 
R
M
S
 P
o
w
er
 [
k
W
] 
F
o
rc
e 
[k
N
] 
Different number winding sections  
Force Power  
N. P. Gargov  University of Exeter 
142 
 
 
 
Another coefficient representing the efficiency of the generator is the Power-
to-PM volume ratio (Table 4). This coefficient is not discussed in the previous 
section because of the small difference in the volumes of the PM material for 
different  . The aim here is to maximise the ratio; therefore, the generator with 
four sections can be considered optimal for this criterion. 
 The importance of such a comparison is triggered by the price of the 
permanent magnets. Recent price changes of permanent magnets by almost 
800% (for the period 04/2010 to 07/2011) (Humphries 2011) makes the 
permanent magnet material the most expensive component of the PMLGs.  
 
 
3.3.3. Optimisation of the Permanent Magnet Linear 
Generator 
From the results shown in Figure 57, it can be observed that the highest 
electrical power is harvested at   =1. At this value of the slots per pole and 
phase, a perfect alignment among the coils and permanent magnets is 
established. Consequently, the generated coil voltages will be in phase and 
therefore, the highest total generated voltage can be achieved. However, the 
iron pole shoes become aligned with the permanent magnets and hence, strong 
cogging force is generated. On the other hand, the results shown in Figure 59, 
suggest that generally high numbers of winding sections reduces the cogging 
force due to the misalignment among the peaks of the magnetic forces between 
the PMs and the steel shoes. Based on the above results, it is observed that a 
N. P. Gargov  University of Exeter 
 
143 
 
long stator, which consists of a number of short stators, can deliver high output 
power, where the power is combined from the individual short stators. 
Furthermore, low cogging force can be achieved by increasing the total length 
of the stator, where the length is the combined lengths of the small stators. 
In this section, an optimised generator is suggested taking into account the 
results presented in Section 3.3.2. The aims of the optimisation in decreasing 
order of their importance are: 
1. Low force parallel to the X-axis  
2. Low force parallel to the Y-axis  
3. High electrical output power 
4. Low volumes of permanent magnet material used in the generator 
assembly. 
Higher importance is given to those aims related to maintenance costs, which 
could be considerably high, due to the offshore and/or underwater operating 
conditions.  
With regard to the above order of aims, it can be considered that the optimal 
solution is when   = 1.1 rather than   = 0.9. The reason for this decision is the 
small difference between the Force-to-Power ratio in the Y-axis (between   = 
0.9 and   = 1.1) and the big difference in the Force-to-Power ratio in the X-axis 
(between   = 0.9 and   = 1.1). 
To increase the power output and to reduce the cogging forces, a 
magnetically split translator is suggested. In this way the generator will be 
assembled from two separated translator cores translating together. The main 
idea is to take two short magnetic cores with low X-axis force and combine 
them in a long one delivering low Y-axis force. The new translator is assembled 
from two yokes containing three winding sections (Figure 63). The choice for 
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the number of winding sections is based on delivering low force in the X-
direction. Furthermore, the total length of the translator of the optimised model 
has a very similar length to a generator with six winding sections in the Y-axis. 
The simulated results for the X- and Y-axes forces for the optimised generator 
are shown in Figure 62. 
 
 
 
 
(a) X-axis (cogging force) 
 
 
(b) Y-axis forces 
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The simulation results reveal that the RMS output power is 42.4kW and that 
the single force numbers for the X- and Y-axes are 2.92 kN and 0.8 kN 
respectively. Furthermore, the Power-to-Magnet volume ratio is 2377 W/m3 and 
the volume of the permanent magnet material in the PMLG is 0.018 m3.  
 
 
 
 
 
(c) Power and force comparison between PMLGs with different winding 
sections and the optimized model (2x3) 
 
Figure 62 X- and Y-axes magnetic forces in the optimised model 
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High output power with regard to the amount of permanent magnet material 
used in the generator is achieved. The optimised model contains a very similar 
amount of permanent magnet material compared with the generator with six 
winding sections. However, the Power-to-PM volume ratio for a generator with 
 
 
Figure 63 Magnetic flux density in the optimised generator model 
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six winding sections is 1019 and for the optimised model it is 2377 [W/m3], 
resulting in a 233% increase of the Power-to-PM volume.  
Another advantage of the optimised model is the reduction of the X-axis 
forces by 55% and of the Y-axis forces by 28%, compared with the PMLG with 
six winding sections. Moreover, the magnetically separated sub-yokes of the 
translator are smaller physically and therefore, it is easier to maintain, transport 
and handle them. 
 
3.3.4. Conclusion 
The research in this chapter began with an investigation of the factors 
affecting the cogging force and power output in a single- and double-sided 
PMLGs, where the influence of the different design solutions has been 
presented. Furthermore, a method for calculating a single number, representing 
the cogging force level of a generator has been suggested. 
Additionally, a double-sided PMLG is investigated with regard to the same 
parameters. The main analyses in this chapter are focused on suggesting an 
optimised design for a double-sided PMLG. As a result, a design with a 
magnetically separated yoke delivering better performance is proposed. The 
simulated results disclose that the optimised model delivers a reduction in the 
X- and the Y-axes forces by 55% and 28%, respectively and an increase of the 
output power by 233% in comparison with a model with a non-separated 
translator with the same volume of PM material.   
N. P. Gargov  University of Exeter 
148 
 
4. Investigation into Iron-cored Long 
Stator Tubular Linear Generator 
 
4.1. Introduction 
In this chapter, an investigation into different magnetisation topologies for a 
Long Stator Tubular Permanent Magnet Linear Generator (LS-PMLG) is 
performed through a comparison based on the cogging force disturbance, the 
power output and the cost of the raw materials of the machines. The results 
obtained from the FEA simulation are compared with an existing linear 
generator described in (Prudell, Stoddard et al. 2010). To ensure accurate 
results, the generator developed in (Prudell, Stoddard et al. 2010) is built with 
3D CAD and simulated using FEA and the obtained results are verified with the 
source. 
 
4.2. Generators Description 
Long stator generators share the same stator, where the stator consists of 
copper coils placed in a magnetic yoke. The coils are grouped in 15 phase 
windings and each winding consists of four series-connected coils. The coils are 
identical to the coils of the generator proposed in (Prudell, Stoddard et al. 2010) 
(77 turns and 1.145-ohms resistance per coil).  
The translator consists of NdFeB-35 magnets attached to a magnetic core. 
To decrease losses in the magnetic circuit, all magnetic cores are assembled by 
laminated silicon steel, where the laminations are radial to the Y-axis. 
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Additionally, in order to increase the accuracy of the simulation results, three 
dimensional generator models are used in the simulations. 
In this chapter, long stator generators with axial and radial magnetisation are 
investigated. A slice on the X-axis showing the profile for the three generators is 
presented in Figure 64. The main advantage of the long stator generator design 
is the reduction of the volume of the permanent magnet material used in its 
assembly. Considering the recent price rise of the neodymium metals 
(Humphries 2011), the potential savings of using the long stator design can be 
significant. 
The main idea of the design adopted in the long stator designs is “swapping 
the configuration” of more traditional SS-PMLGs (Figure 64c), where the 
translator comprises coils that are exposed constantly to the PM’s flux. 
Reversing this structure allows a long stator to be assembled from copper coils 
and a short translator that consists of PMs (Figure 64a and Figure 64b).  
An advantage of the topology in Figure 64c is that it allows a standard three-
phase rectifier to be connected directly to the winding terminals but a significant 
part of the PMs’ flux does not cross the coils and therefore, this flux does not 
contribute to the power generation. On the other hand, the long stator design 
utilises the PMs in a way that the entire flux crosses the coils at any time of 
operation. Therefore, the main advantage from such a design is the full usability 
of the excitation flux established by the permanent magnets. Conversely, the 
long stator design has a coil configuration that is more complex and requires a 
system excluding the unenergised coils (coils unexposed to the PM’s flux) from 
the electrical circuit. If the unenergised coils remain connected in series with the 
energised ones, they become an inductive load. 
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Two dimensional views of the different topologies investigated in this chapter 
are presented in Figure 65. The left-hand side of the pictures shows the 
magnetic flux density with the corresponding scale from 0 to 2 Tesla. The right-
hand side of the pictures show the flux direction with vector arrows. 
 
 
 
(a) LS-PMLG with axial magnetisation 
 
 
(b) LS -PMLG with radial magnetisation 
 
 
(c) SS-PMLG presented in (Prudell, Stoddard et al. 2010) 
 
Figure 64 Overall view of the investigated generators 
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(a) Flux density [T] in the LS -PMLG with axial magnetisation 
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(b) Flux density [T] in the LS -PMLG with radial magnetisation 
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(c) Flux density [T] in the SS-PMLG shown in (Prudell, Stoddard et al. 2010) 
 
Figure 65 Flux density [T] in the investigated generator topologies 
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The electric circuit of the long stator generator is shown in Figure 66, where 
the output power is measured on the 5-ohm resistor (R1) after rectification. 
Each phase winding is assembled by four coils connected in series and the 
number of windings can be altered. The Voltmeters (V1 to V15) measure the 
voltage on every winding. The flux distribution in the SS-PMLG shown in Figure 
65c can be verified with the simulated flux distribution in (Prudell, Stoddard et al. 
2010), as in Figure 67. 
 
 
Figure 66 Passive rectification system for LS-PMLG 
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Figure 67 FEA flux distribution of the PMLG, courtesy of (Prudell, Stoddard 
et al. 2010) 
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The main dimensions for the generators are shown in Table 5. The 
dimensions for all generators are given with the corresponding axis shown in 
Figure 65. In all simulations, the load on the generator is supplied on the DC 
side after passive (diode rectifier) rectification. 
The magnetic circuits of the LS-PMLGs with axial and radial magnetisation 
are shown in Figure 68a and Figure 68b.     are the magnetic reluctances of 
the inactive poles at the ends of the translator. The magnetic cores between two 
permanent magnets of the LS-PMLG with axial magnetisation are shown as T-
shaped circuits, where the two     and single     reluctances are the sides. 
This is because of the split of the magnetic flux in the core. The magnetic 
reluctances can be shown as: 
Table 5 Main Dimensions 
 
Axis 
SS 
PMLG  
LS 
PMLG radial 
magnetisation 
LS 
PMLG axial 
magnetisation 
Stator height [mm] Y 1152 1342 1342 
Translator height [mm] Y 284 484 422 
Permanent Magnet Length 
[mm] 
 
Y 
 
52 
 
70 
 
10 
Magnet pole pitch [mm] Y 72 72 72 
Coil pitch [mm] Y 68 68 68 
Magnets height [mm] X 10.5 10.5 54.7 
Air gap length [mm] X 5 5 5 
 
  
 
 
Turns per coil 77 77 77 
Coils resistance [ohm] 1.145 1.145 1.145 
Resistive load (on DC side) [ohm] 5 5 5 
Coil connection within a winding series series series 
Windings connection star star star 
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                             (4.1) 
 
                                (4.2) 
 
where          is the total inner magnetic reluctance (pink area in Figure 68a) 
and           is the outer magnetic reluctance (yellow area in Figure 68a) for 
the radial magnetised LS-PMLG. The equivalent reluctances for the axial 
magnetised LS-PMLG can be shown as: 
 
                                   (4.3) 
 
                              (4.4) 
 
 
         is the total inner magnetic reluctance (pink area in Figure 68b) and 
          is the outer magnetic reluctance (yellow area in Figure 68b) for the 
axially magnetised LS-PMLG. Furthermore, where    is half of the reluctance of 
the stator, it can be presented as: 
 
 
     
   
    
          
         
     
 
     
    
        
         
     
 
(4.5) 
 
                (4.6) 
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where    is the number of the reluctances shown on the right-hand side (with 
colour code) in Figure 68a and Figure 68b.  
Calculating the magnetic circuit has been done in same way as explained in 
section 3.2.3. The flux density result for the inner section with length of eight 
teeth derived from the analytical model reveals a 5% difference, compared with 
the static FEA results. 
In this thesis, the magnetic circuit models are used to perform static 
calculation of the flux density in the air gap, and the results are compared with 
the results from the FEA.  
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(a) Magnetic circuit of LS-PMLG with radial magnetisation 
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(b) Magnetic circuit of LS-PMLG with axial magnetisation 
 
Figure 68 Magnetic circuit of the LS-PMLG 
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4.3. FEA Simulation Results 
In the simulations performed, the following parameters are kept the same for 
the three generators: winding slot dimensions, shoe dimensions, number of 
slots per pole and phase, number of turns per coil, coil resistance and all 
structural material properties used in the models. This is conducted to reveal 
only the differences caused by the generator design and to eliminate the 
influence of the material properties and of the coil configuration on the 
performance. In this section three major sets of simulations are performed: 
- The first set compares the cogging force for the SS-PMLG shown in 
(Prudell, Stoddard et al. 2010) with the cogging force for the LS-PMLGs 
having axial and radial magnetised magnets.  
- The second set presents the electrical power output of the generators 
connected to 5-ohms resistive loads after rectification.  
- The third set shows the volumes and the prices of the raw structural 
materials for the three machines.  
 
4.3.1. Cogging Forces 
In this chapter, the cogging forces for the three machines are compared. 
Initially, the SS-PMLG (Prudell, Stoddard et al. 2010) is modelled in 3D CAD 
and simulated in FEA. In Figure 69, a comparison between the cogging forces 
simulated in this chapter (Figure 69a) and the results shown in (Prudell, 
Stoddard et al. 2010) (Figure 69b) are given. A difference of 16% in the peak 
force is present between the two graphs. 
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Several techniques, such as shaping and slotting have been applied for 
cogging force reduction in the LS-PMLG. The shaped profile of the magnets 
used in the radially magnetised LS-PMLG is shown in Figure 70a. The cogging 
 
 
(a) FEA (JMAG) simulated cogging force verses displacement for the SS-
PMLG 
 
  
 (b) Simulated and tested cogging force for the SS-PMLG, picture by 
courtesy of (Prudell, Stoddard et al. 2010) 
 
Figure 69 Cogging forces comparison (Prudell, Stoddard et al. 2010) and 
simulations in JMAG 
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forces comparison is shown in Figure 70b, where the shaped profile and the 
square profile are analysed. In order to compare the PM rings on an equal 
basis, the two magnet ring volumes are set to be the same. As a result (Figure 
70b), a total reduction of 30% in the peak is achieved when pole slotting and 
shaping is applied on the PMs.  
Initially, the long stator generators have been simulated with square profiles 
(Figure 70a). As one of main objectives is to reduce cogging, modifications 
have been applied to the magnet profile. Influenced by (Kimoulakis, Kladas et al. 
2009), the square profile has been modified to include to bevelled bottom profile 
with a 30⁰ angle, which has been chosen based on the findings in (Kimoulakis, 
Kladas et al. 2009).  
Furthermore, in order to reduce the cogging force even further but to keep 
the power output approximately the same as for the SS-PMLG, modifications of 
shaping and slotting the magnets have been also done. The shaping and 
slotting modifications were influenced by (Shabani, Milimonfared et al. 2007). 
Initially, an angle of 35⁰ has been applied and the shaping (with an angle of 
10.5⁰) has been adjusted to maintain the output power of the long stator 
machines close to that of the short stator PMLG. 
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(a) Magnet shaped profile for radial magnetised LS-PMLG 
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(b) Cogging forces for shaped and square profile of the PM 
 
 
(c) Comparison between 2d axisymmetric and 3D cogging force calculation 
Figure 70 Effect on the cogging force caused by shaping the PMs  
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A comparison of the FEA results between the cogging force calculation with a 
2D-axisymmetric and a 16-degree section of the 3D model is shown in Figure 
70c. The simulations reveal that the 3D results have higher accuracy; however, 
the 3D simulations require around seven to ten times longer computational time 
compared with the 2D simulations. In this section, to improve accuracy, the 
generators are simulated in 3D (16-degree section with applied repetitive 
symmetry condition).   
 
The cogging force results for the three generators are shown in Figure 71, 
where it can be observed that the long stator designs have significantly lower 
cogging force amplitude. Compared with the cogging forces for the PMLG 
shown in (Prudell, Stoddard et al. 2010), the LS-PMLGs achieve a reduction of 
60%.  
 
 
 
Figure 71 Cogging forces for the investigated topologies 
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4.3.2. Electrical Power Output 
The voltage output of the SS-PMLG (Prudell, Stoddard et al. 2010) has been 
verified with the model of the simulated generator in this chapter. The no-load 
voltage (line to neutral) obtained in (Prudell, Stoddard et al. 2010) is 346 V and 
the no-load voltage obtained by FEA in this chapter is 330 V at a constant 
velocity of 0.76m/s. The difference of 4.6% is considered as acceptable in 
verifying the FEA model used in this chapter.  
 
 
Another advantage of the LS-PMLG is the possibility of adding inactive poles 
at both ends of the translator. By installing the inactive poles, the additional flux 
distributed over the stator length generates a voltage in the additional coils at 
the ends of the translator and hence, electrical power. The RMS power outputs 
for the LS-PMLG both with and without the inactive poles are 2705W and 
2521W respectively. The instantaneous output power can be seen in Figure 72. 
 
 
Figure 72 Power output from LS-PMLG with and without inactive poles 
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As a result, the output power is boosted by an extra 7% (RMS) without the use 
of extra permanent magnet material. 
The simulated results for the power output are shown in Figure 73, where the 
three generator models are simulated with a monochromatic wave set for the 
translator’s displacement with a period of T = 2.1 seconds and height of 0.375 
meters. This displacement is equal to the scaled statistical data for the sea state 
located north of Spain (Manana, Arroyo et al. 2011).  
The following RMS output powers area achieved for the wave period of 2.1 
seconds: SS-PMLG - 2.66 kW, LS-PMLG with axial magnetised magnets - 2.66 
kW and LS-PMLG with radial magnetised magnets - 2.72 kW. From the result, it 
can be concluded that the electrical power output is very similar for the three 
machines. 
 
 
 
 
Figure 73 Power output of the SS-PMLG (Prudell, Stoddard et al. 2010) and 
LS-PMLGs 
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Owing to the design consideration for the long stator generators, not all coils 
generate voltage at the same time. Only the coils covered by the translator 
magnetic field generate voltage during displacement of the translator (Figure 
74). It can be seen that the coil voltages have the same frequency but different 
amplitude and phase. Such a complex output requires a modified rectification 
system. The voltages from the long stator generators in this chapter are rectified 
by a passive rectification system (Figure 66).  
Another benefit of the long stator design is the possibility of excluding a coil 
in case of failure, by using power electronics. Owing to the high number of coils, 
such an operation does not reduce the output of the generator significantly. 
Therefore, maintenance of the WEC can be postponed. 
 
 
 
 
Figure 74 Voltage output for LS-PMLG 
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Moreover, a benefit of using the long stator design is the heat dissipation in 
the copper coils. In the long stator design, output electrical power is harvested 
from a high number of coils. Unlike the SS-PMLG in (Prudell, Stoddard et al. 
2010), the coils in the LS-PMLG are not energised at all times. Hence, for the 
same amount of total harvested energy from the generators, the power 
delivered by a single coil in the LS-PMLG will be much lower than in the SS-
PMLG. Consequently, the coils in the long stator generator have much lower 
duty cycle and therefore they are allowed a longer cooling time. Consequently, 
overheating of the LS-PMLG`s coils is less likely to occur compared with those 
of the SS-PMLG. 
The DC voltage after rectification for the three generators is shown in Figure 
75. 
 
 
 
 
Figure 75 Rectified voltage simulated on 5ohm resistor 
-0.5 
-0.25 
0 
0.25 
0.5 
0 
30 
60 
90 
120 
150 
180 
0 0.7 1.4 2.1 
D
is
p
la
ce
m
en
t 
[m
] 
D
C
 V
o
lt
ag
e 
[V
] 
Time [s] 
Displacement LS-PMLG axial magnetised  
LS-PMLG radial magnetised SS-PMLG 
N. P. Gargov  University of Exeter 
 
171 
 
The long stator design involves the use of a large number of diodes (in the 
case of passive rectification). However, not all the diodes in the LS-PMLG 
rectifier are working at the same time. Only the windings (and the diodes 
connected to them) under the translator will be generating voltage. Therefore, a 
failure in a single diode will exclude one coil from operation, which does not 
have a significant effect on the overall output of the WEC. On the other hand, 
failure in a single diode in the rectifier of the SS-PMLG will reduce the WEC’s 
output significantly. 
 
 
4.3.3. Magnetic Forces under Load 
When the generators are under normal operation, e.g. supplying power to the 
electrical grid, another source of force disturbance appears. These forces are 
caused by the armature reaction.  
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The armature reaction generates a force opposing the linear torque of the 
prime mover of the WEC, which offsets the cogging force. Furthermore, the 
armature reaction force is proportional to the linear velocity of the generator. As 
seen in Figure 76, the total magnetic force is the sum of the cogging force and 
the armature reaction.  
In the results shown in Figure 76, it can be seen that the highest total force is 
delivered by the SS-PMLG (Prudell, Stoddard et al. 2010) and that the lowest 
force is delivered by the LS-PMLG with axial magnetisation. 
 
4.3.4. Volumes and Prices of the Active Materials 
The volumes of the structural materials for both generators are shown in 
Table 6. As seen in the table, the total price of the long stator design is much 
 
 
Figure 76 Total forces under load 
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lower than that of the SS-PMLG (Prudell, Stoddard et al. 2010); the main 
difference is in the price of the permanent magnets. The price of the materials is 
assumed as follows: non-magnetic and non-electrical conducting material - 1.43 
£/kg, copper – 5.29 £/kg (London Metal Exchange June, 2012), laminated steel 
– 2 £/kg (London Metal Exchange June, 2012) and PMs, NdFeB, N35 – 216 
£/kg (Quotation June, 2012). 
 
 
Considering the recent price rise of the neodymium metals reported in 
(Humphries 2011), the payback period of the long stator design is likely to be 
shorter than that for the existing generator. The assembly cost is not included in 
the calculations but it is expected to be similar among the three generators. 
Generally, fewer difficulties are expected for the assembly and handling of the 
Table 6 Volumes and Price of Structural Materials 
 
SS 
PMLG 
 
LS 
PMLG 
radial 
magnetisation 
LS 
PMLG 
axial 
magnetisation 
PM [m3] 0.034 0.011 0.011 
Laminated steel [m3] 0.303 0.264 0.270 
Copper [m3] 0.0111 0.0555 0.0555 
Non-magnetic and non-
electrical conducting 
material  [m3] 0.022 0.0052 
 
 
0 
    
 
SS 
PMLG 
 
LS 
PMLG 
radial 
magnetisation 
LS 
PMLG 
axial 
magnetisation 
PM [k£] 55.5 18 18 
Laminated steel [k£] 4.64 4.04 4.13 
Copper [k£] 0.52 2.6 2.62 
Non-magnetic and non-
electrical conducting 
material  [k£] 0.08 0.018 
 
 
0 
Total cost [k£]  60.74 24.66 24.75 
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PMs in the long stator generators, because of, the lower volumes of PMs used 
in their design. 
 
4.4. Conclusion 
The aim of this chapter is to highlight the merits of the long stator design over 
the existing short stator three-phase design for SS-PMLG. The areas of focus 
are the price of the raw assembly materials, the cogging force and electrical 
power output. An increase in the electrical output and a reduction in the raw 
materials can lead to a lower initial investment and lower RoI of the WEC. 
Furthermore, the reduction of the cogging force reduces vibrations and hence, 
can increase the life of the bearings.  
In this chapter, an investigation of long stator generators has been performed 
by means of FEA. Long stator generators with axial and radial magnetisation 
have been analysed and optimised and the results reveal a cogging force 
reduction of up to 60% in comparison with an existing design having a short 
stator and similar size. Furthermore, the long stator generators simulated use 
three times less permanent magnet material in their assembly, which reduces 
the price of the raw assembly materials by 60% in comparison with existing SS-
PMLG (Prudell, Stoddard et al. 2010). The results delivered in this chapter 
suggest that use of LS-PMLGs can reduce the production and maintenance 
costs of the WEC in comparison with the SS-PMLG. 
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5. Double-sided Air-cored Tubular 
Generator for Wave Energy 
Converters 
 
5.1. Introduction 
In this chapter a new air-cored tubular PMLG for WECs is proposed and 
simulated. The proposed generator design “sandwiches” the copper windings 
between two sets of permanent magnet rings in a tubular structure. Owing to 
the absence of steel in the translator, the bearings are not exposed to high 
magnetic forces and the cogging force can be eliminated. 
 
5.2. Generator Description 
The generator proposed in this chapter is a longitudinal flux Air-Cored (A-C) 
permanent magnet machine and it has a stator assembled by 48 coils, forming 
three phases (16 coils in each phase). The coils are supported by a separation 
cage made from non-magnetic and non-electrical conducting material. Due to 
the complexity of the assembly of the permanent magnets, it is assumed that 
the permanent magnets and the iron core remain static and that the windings 
and separation cage are translating (Figure 77).  
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Initially, air-cored generators with single-side magnet excitation were 
simulated but the large air gap limits the generated voltage in the coils, which 
results in low power output. Hence, it was decided that the coils have to be 
“sandwiched” between two rings of PMs. The excitation flux provided by the 
radially magnetised magnets (to the Z-axis), exposes the windings in a 
magnetic field normal to the axis of the motion. In such a field orientation, the 
 
 
Figure 77 Overview of the proposed generator structure 
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Lorentz forces will be directed in the same direction as the axis of translation of 
the generator (Z-axis).  
 
 
The main dimensions of the generator are presented in Table 7. The inner 
magnets and the iron core are divided into six equal sectors (Figure 77). A 
space among them is left to allow the supporting columns of the separation 
cage to access the linear bearings. The proposed model has a separation cage 
with six supporting columns located at the inner circle of the machine.  
 
Table 7 Main Dimensions and Electrical Characteristics 
DIMENSIONS 
Parameters Axis 
 Stator length [mm] Z 608 
Stator inner radius [mm] X 520 
Iron width [mm] X 30 
Coil width [mm] X 10 
Coil length [mm] Z 20 
Separator length [mm] Z 5 
Permanent magnet width [mm] X 10 
Air gap width (including the coils) [mm] X 16 
Translator length [mm] Z 900 
Pole length [mm] Z 76 
 ELECTRICAL CHARACTERISTICS 
Number of turns per coil  55 
Coil resistance [ohm] 0.8 
Coil connection series 
Number of supporting columns 6 
Winding connection star 
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In order to enhance the robustness of the translator, the separation cage can 
be manufactured from a single piece of moulded non-magnetic and non-
electrical conducting material. Furthermore, when the coils are positioned 
among the separators, a solid casting can be applied to secure their position. 
The casted coils and the keys of the separators secure the coils position over 
the entire circle of the separation cage (Figure 79).  
The dimensions for the proposed machine have been selected to be similar 
to the existing PMLG in order to conduct a fair comparison between them. 
Furthermore, the winding slots are designed to be same as in the existing 
PMLG; however, the keys introduce a reduction of the cross-sectional area 
(Figure 79) which results in a reduction of the number of turns per coil. 
Moreover, to reduce the air gap, the height of the coils is reduced in the X-
direction and increased in the Y-direction, which results in an increase of the 
length of the pole in comparison with the existing PMLG.  
Furthermore, to compensate for the large air gap, the length of the 
permanent magnets is the same as the pole length.  
 
 
 
Figure 78 Section cut of the separation cage 
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Similarly, the robustness of the cage is highly dependent on the number of 
supporting columns and the thickness of the separators. The generator is 
expected to be robust mainly because of the reduction of the magnetic 
attraction forces between the stator and the translator. Moreover, the absence 
of joins (such as bolt connections) in the separation cage reduces the 
translator’s sensitivity to vibrations and increases the overall robustness of the 
cage. 
The cost of the assembly of the proposed machine is expected to be similar 
to the existing SS-PMLG proposed in (Prudell, Stoddard et al. 2010). 
Additionally, the slot openings for the coils are larger and therefore, coil winding 
and maintenance is expected to be cheaper in comparison with the semi-open 
slots used in the machine in (Prudell, Stoddard et al. 2010). However, epoxy 
resin or material with similar properties is required to secure the coils in the 
slots. 
An analytical model of the machine is created based on the magnetic circuit 
shown in Figure 80. Owing to the design of the machine, the magnetic 
reluctances remain constant during translation of the translator.    is the 
 
 
Figure 79 Coil cross-section 
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magnetic reluctance of the air between the two pairs of magnets and    is the 
magnetic reluctance of the air between neighbouring magnets from the same 
side (inner or outer side). The total magnetic reluctance seen by MMF sources 
in a section containing two permanent magnets can be written as: 
 
 
     
                               
                     
 
(5.1) 
 
    is the total equivalent reactance of the circuit shown in Appendix C. The 
results for the magnetic flux density in the gap from the analytical model and 
from the static FEM calculation reveal a difference of 8% in the air gap flux 
density. 
N. P. Gargov  University of Exeter 
 
181 
 
 
 
Figure 80 Magnetic circuit of the air-cored LS-PMLG 
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5.3. Inactive Coil Bypass System 
In this chapter a new system is proposed that bypasses inactive coils. The 
proposed system uses the switches arranged in order to bypass the inactive 
coils (coils that do not generate voltage). In the proposed system, two switches 
per phase are connected in series with the coils generating voltage at any time 
of the operation. Owing to the small number of elements, the power losses in 
the bypassing system can be reduced significantly in comparison with the 
system using individual bypassing for every coil (Ran, Tavner et al. 2006). 
Owing to the relatively low linear velocities and hence, the low switching 
frequencies of the switches, anti-parallel thyristor couples can be used. 
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In this chapter, all simulations are performed by means of FEA. Additionally, 
Matlab-Simulink is used for control purposes. The FEA simulations and the 
control circuit simulations are performed simultaneously using an external link 
connecting the two software packages. The high-level software configuration is 
shown in Figure 81. 
The coils of the generator are connected in series forming three phases. The 
coils and the switches controlling the current flow for a single phase are shown 
in Figure 82. The voltmeters measuring the generated voltage are set on the 
coil ends (except the two middle coils, C8 and C9).  
 
 
Figure 81 JMAG – Matlab/Simulink interface 
N. P. Gargov  University of Exeter 
184 
 
The system shown in Figure 82 has been designed specifically for the 
proposed generator in this chapter, in which the ratio of PM-length/translator-
length is within the interval of 0.5 to 1. The active control system shown in 
Figure 82 will not operate if the PMs/translator ratio is lower than 0.5. The main 
reason for the limitation is that the system has been designed initially for the 
particular air-cored LS-PMLG discussed in this chapter (with a PM length longer 
than one-half of the coils length). 
To overcome such a limitation, the circuit in Figure 83 can be used. This 
configuration is independent of the ratio mentioned above and therefore, it can 
be used for any LS-PMLG based on the principles described both in this 
chapter and in Chapter 4. Furthermore, the same control technique is used to 
control the triggering signals to the switches and the same number of two 
switches per phase is connected in series with the active coils for both circuits 
(Figure 82 and Figure 83).  
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Figure 82 Single-phase coils and switches circuit 1 
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Figure 83 Single-phase coils and switches circuit 2 
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The principle of operation of the power circuit shown in Figure 82, is 
described in Figure 84, where it is assumed that the permanent magnets are 
located between coils C3 and C12 at a certain point of time. At this moment of 
time, only the above coils (C3 - C12) are generating voltage. In order to 
disconnect the remaining coils from the circuit, a switch “ON” is applied on 
switches S3 and S13 (the remaining switches are set to “OFF”). Therefore, an 
electrical path can be provided bypassing the remaining coils (red line). 
Moreover, the power circuit includes only two switches connected in series with 
the coils per phase. The operating principle of the circuit in Figure 83 remains 
the same as that in Figure 82. The difference between them comes from the 
increased number of switches and lines, which provides a greater number of 
available options for directing the phase current (Figure 85). 
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Figure 84 Operation principle of circuit 1 
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Figure 85 Operation principle of circuit 2 
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The operating principle of the control circuit triggering the “ON” and “OFF” 
signals to the switches (from S1 to S16/S30) can be explained as follows. 
Based on the voltage obtained by the voltmeters V1 to V14/V16, a control 
system determines the active and inactive coils in the translator. In order to take 
only positive signals, an absolute value from the signal gained by the voltmeters 
is used.  
 
 
 
 
Figure 86 Switch selector and active/inactive coils in Simulink 
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The mean value (“In Mean”) of the voltage is used to avoid switching “OFF” 
the switches at zero crossing. After the consideration of activity/inactivity is 
made for all coils, the signals are collected on a common bus and arranged in a 
vector. The vector is sent to the “Switch selector” (Figure 86), where a decision 
for the “ON” and “OFF” signals sent to the anti-parallel thyristor switches is 
made (S1 to S16 in Figure 84 and S1 to S30 in Figure 85). The vector sent from 
the “Active/inactive” section is compared against the “Predefined vectors” by a 
“Relational Operator” (Figure 86). The “Predefined vectors” in the “Switch 
selector” are all the existing possible combinations of active and inactive coils.  
The “Relational Operator” compares the vector received from the 
“Active/inactive coil” and generates a signal when the vector matches one of the 
“Predefined vectors”. This signal switches “ON” two of the switches responsible 
for the combination based on the “Predefined vector”. For example, if the 
translator is located between C3 and C12 (Figure 84), only voltmeters from V3 
to V9 will generate a signal equal to 1 and the vector sent to the “Switch 
selector” will be: 0011111111000. The vector will match one of the “Predefined 
vectors” and the “Relational Operator” will switch “ON” switches S3 and S13. In 
such a way, an electrical path will be provided for coils C3 to C12. 
Further discussion regarding the control circuit, including the S-function 
connecting JMAG with Simulink, as well as a graphical presentation of the 
Simulink model can be found in Appendix B. 
 
5.4. Simulation Results 
A monochromatic wave with period of 8.4 seconds is used as a time-velocity 
sequence applied to the generator translator in the simulations. Such a period is 
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equivalent to the energy period (Te) of a region located north of Spain (Manana, 
Arroyo et al. 2011). 
 
 
As seen in Table 8, the total price of the raw materials of the air-cored 
generator is higher than that of the existing SS-PMLG (Prudell, Stoddard et al. 
2010). The volume of the permanent magnets in the air-cored generator is 26.5% 
greater in comparison with the iron-cored generator, which accounts for higher 
total price of the air-cored machine. However, the output power of the air-cored 
machine is approximately twice that of the iron-cored generator at the same 
translational velocity.  
 
 
Figure 87 WEC structure - one line diagram 
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The prices of the structural materials are assumed as follows: non-magnetic 
and non-electrical conducting material - 1.43 £/kg, copper – 5.29 £/kg (London 
Metal Exchange June, 2012), laminated steel – 2 £/kg (London Metal Exchange 
June, 2012), magnets, NdFeB, N35 – 216£/kg (Quotation June, 2012). 
 
 
In Figure 88a and Figure 88b, the magnetic flux distributions in the air-cored 
and the iron-cored PMLGs are shown, respectively. In this figure, it can be 
observed that the flux density of the air-cored generator is generally lower when 
compared with the density of the SS-PMLG. The main reason for this is the 
much higher reluctance in the air gap of the air-cored generator, where the 
Table 8 Performance Comparison 
Volumes and Prices of the Assembly Materials 
 
A-C 
PMLG 
SS 
PMLG 
Price of Copper [k£] 1.61  0.52 
Price of Non-magnetic and non-
electrical conducting material [k£] 
 
0.11 
 
0.08 
Price of Laminated steel [k£] 1.98 4.64 
Price of Permanent Magnet [k£] 70.96 55.5 
Price of Total price [k£] 74.67 60.74 
 
Volume of Copper [m3] 0.034 0.011 
Volume of Non-magnetic and non-
electrical conducting material [m3] 0.031 
 
0.022 
Volume of Laminated steel [m3] 0.13 0.303 
Volume of Permanent Magnet [m3] 0.043 0.034 
 
 
A-C 
PMLG 
SS 
PMLG 
RMS Power [kW] 5.3 2.5 
RMS Phase Voltage [V] 102 70 
RMS Phase Current [A] 21 14 
 
Half Peak Power [kW] 3.75 1.75 
Half Peak Phase Voltage [V] 73 50 
Half Peak Phase Current [A] 10 10 
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copper coils and the separator cage are seen as air, with regard to their 
magnetic reluctance.  
 
 
 
 
(a) Magnetic flux density in Tesla for the Air-cored LS-PMLG 
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The simulation results for the forces under load are shown in Figure 89a and 
Figure 89b. The radial magnetised field directs a significant part of the forces 
parallel to the Z-axis. This way of directing the forces extends the life of the 
bearings because of their free motion on the Z-axis. If the field were established 
 
 
(b) Magnetic flux density in Tesla for the SS-PMLG proposed in (Prudell, 
Stoddard et al. 2010) 
 
Figure 88 Magnetic flux distribution in Tesla 
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from a single side of the PMs, high magnitudes of armature forces with radial 
direction would be expected (Baker, Mueller 2005). 
 
 
 
 
 
(a) Magnetic force on Z axis 
 
 
(b) Magnetic forces parallel with the X and Y axis 
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In Figure 89c, the magnetic forces between the permanent magnets for a 
section of the generator are shown. The results present the magnitude of the 
attracting forces acting between the inner and outer sets of magnets for one-
sixth part (arc with 60-degree angle).  
As the outer magnets have full circular shape (full 360 degrees), the total 
radial force will remain zero due to the opposing directions of the forces and the 
integrity of the solid structure. If the inner magnets are fixed in a single structure, 
the total force can also be eliminated but the fixations between the sectors have 
to be strong enough to withstand the forces shown in Figure 89c and the 
sections have to be aligned. 
In Figure 89c, it is also seen that the attracting forces between the magnets 
remain relatively similar regardless of the velocity of the translator.  
 
  
 
(c) Forces simulated on the inner and outer sets of magnets at constant 
velocity 
 
Figure 89 Forces in the air-cored generator 
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Figure 90 depicts the power output simulated on a 5-ohm resistor connected 
after rectification, where the RMS power is 1.61 kW.  
 
 
The output powers from the proposed air-cored and the existing iron-cored 
generators are given in Figure 91. In the simulations, the air-cored generator 
 
 
Figure 90 Power output and linear velocity 
 
 
Figure 91 Power output for the proposed and existing generators 
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achieves around double the peak power at different velocities. The velocity 
shown in Figure 91 is an experimentally recorded vertical displacement of 
marine wave and it is assumed that the generator follows strictly the waves 
displacement.  
Furthermore, in the proposed air-cored PMLG, the number of constantly 
energised coils is 24, compared with 12 coils in the iron-cored machine, which 
increase the generated phase-voltage. Similarly, owing to the absence of iron in 
the translator, the cogging forces can be eliminated and hence, a q = 1 can be 
set to boost the generated power (Chapter 3). 
 
 
 
 
(a) DC current output  
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The current and the voltage simulated after rectification on the 5-ohm active 
resistive load are shown in Figure 92. The displacement of the translator is the 
same as that shown in Figure 91. 
The voltage generated by several coils is shown in Figure 93 and Figure 94. 
Similarly, the “ON” and “OFF” triggering signals (1 and 0 volts, respectively) 
sent to the switch selector are plotted as well. If the signal has a value equal to 
0, it means that the switch is open and if the signal has a value equal to 1, it 
means that the switch is closed. 
 
 
 
(b) DC voltage output 
 
Figure 92 DC current and voltage after rectification 
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(a) Coil 2 voltage output 
 
 
 
(b) Coil 4 voltage output 
 
Figure 93 Single coil voltage and switch signal for Coils 2 and 4 
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The thermal losses in the previously proposed bypass systems are 
dependent of the number of magnet pairs and the total number of coils (Ran, 
 
 
 
(a) Coil 6 voltage output 
 
 
 
(b) Coil 8 voltage output 
 
Figure 94 Single coil voltage and switch signal for Coils 6 and 8 
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Tavner et al. 2006, Ran, Mueller et al. 2011). In the bypass system proposed in 
this thesis, the thermal losses are independent of the number of coils or of the 
number of magnetic poles. Therefore, by using the proposed bypass system, a 
reduction of the thermal losses by up to seven times is achieved in comparison 
with the system proposed in (Ran, Tavner et al. 2006).  
The thermal loss reduction is because of the number of series-connected 
switches with the coils. For example, if the grid integration system, proposed in 
(Ran, Tavner et al. 2006), is integrated with the proposed air-cored machine 
and the length of the permanent magnets is same as the length of two coils, 16 
switches will be needed to bypass every coil (per phase) and 14 of them will be 
connected in series with active coils. The proposed system is independent of 
the active length of the translator and has two switches per phase connected in 
series with the windings at any time. Therefore, the total thermal loss in the 
switches could be reduced by up to seven times.    
 
 
 
 
(a) Single phase voltage with sinusoidal translator motion 
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In Figure 95a, the single-phase voltage is presented. The translational 
velocity is the sine wave with a period of 8.4s, discussed in the beginning of the 
 
 
(b) Three-phase voltage 
 
 
(c) Three-phase current 
 
Figure 95 Three-phase voltage and current 
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section. The three-phase voltage and current before rectification are shown in 
Figure 95b and Figure 95c and the linear velocity of the translator is shown in 
Figure 91.  
 
5.5. Conclusion 
The proposed air-cored machine has benefits over the existing iron-cored 
SS-PMLG in terms of total reduced volume of active material and the 
elimination of unwanted cogging force. Even though the results imply improved 
electrical power output it is acknowledged the iron-cored PMLG may not be an 
optimum design and hence a more detailed design study of both topologies is 
required to compare the proposed air-cored machine with the iron-cored SS-
PMLG.  
In this chapter, simulation results of a novel design of air-cored tubular 
generator have been presented. The 3D FEA results suggest that the proposed 
generator has higher power output in comparison with the existing iron-cored 
generator using similar volumes of structural materials and with having similar 
dimensions.  Similarly, the results reveal that the proposed design addresses 
the majority of the forces occurring under-load to a direction parallel to the axis 
of translation.  
A novel system for bypassing inactive elements has been presented and 
simulated. The bypassing system uses two switches working in series with the 
coils per phase. As a result, the thermal loss in the proposed bypass system 
can be reduced by up to seven times compared with previously proposed 
systems. Moreover, the thermal losses in the proposed bypass system are 
independent of the number of coils in the generator assembly. 
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6. Conclusions and Future Work 
The research undertaken and explained in this thesis is focused on reducing 
the magnetic forces and on increasing the electrical power output of direct drive 
PMLGs. The main investigation is concentrated on developing two new designs 
(air- and iron-cored) for a long stator linear generator. The long stator design 
allows higher utilisation of the permanent magnets, where the entire flux 
established by the magnets is crossing the coils and therefore, generating 
voltage (if translation occurs).  
In the case of the iron-cored generator, it is established that the use of a long 
stator design could decrease both the cogging force and the price of the 
structural materials significantly in comparison with existing SS-PMLG.  
Details on the main wave energy harvesting technologies and the existing 
direct drive linear generators are presented systematically in the literature 
review. 
Analytical and numerical studies of flat air-cored permanent magnet linear 
generators have been modelled and investigated in two machine topologies 
(single and double sided PMLGs). The research on the single-sided PMLG 
concentrates on the effect of different design solutions on the generator output 
power and on the cogging forces. The examination of the design variations 
centres on a number of factors: the number of slots per pole and phase, the 
number of winding sections and the number of magnet poles covering the 
length of the translator. The investigation into the double-sided PMLG is 
focused on the same parameters as for the single one. Additionally, an optimal 
PMLG model with a separated magnetic yoke is suggested for the double-sided 
PMLG. The results for the optimised model reveal a reduction in the X- and the 
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Y-axes forces by 55% and 28%, respectively and an increase of the output 
power by 233% in comparison with a model with a non-separated translator 
having the same volume of PM material. 
A long stator tubular LS-PMLG is proposed and compared against an 
existing tubular SS-PMLG design. The comparison is based on the cogging 
force and the electrical power output. The results of the FEA simulation show a 
decrease of the cogging force by up to 60%. Moreover, because of the lower 
amount of PMs in the LS-PMLG, a 60% reduction of the raw material cost is 
calculated. Based on the comparison made in this chapter, it can be suggested 
that the use of long stator topology for PMLGs is more beneficial than the 
existing design. 
A novel air-cored double-sided tubular PMLG has also been proposed. The 
suggested generator is compared with existing iron-cored tubular SS-PMLG 
and the FEA reveals a 47% increase in the power output. However, owing the 
large air gap of the air-cored generator, the volume of permanent magnet 
material is around 25% higher, which leads to higher total cost of the raw 
materials. Despite this higher price, the use of an air-cored PMLG is considered 
more beneficial than using an iron-cored SS-PMLG, because of the elimination 
of the cogging force and hence, the potential reduction of the level of vibrations. 
Furthermore, a novel system for bypassing unenergised coils in the air-cored 
generator is proposed. The systems suggest that the thermal losses in the 
switching devices can be reduced by up to seven times in comparison with 
previously proposed bypassing systems. 
In the thesis, all the work has been carried out using FEA simulation tools. 
Even though the results for generators are highly promising, they have to be 
verified by experimental testing. The author recommends building a full or 
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scaled prototype for the verification of the FEA results. The author also believes 
that the use of air-cored permanent magnet generators will bring several 
advantages in comparison with the currently proposed iron-cored generators. 
The main benefit of the air-cored generators is the elimination of the cogging 
force within the machine. However, significantly more permanent magnet 
material is needed to overcome the large air gap.  
The author has also considered that the double-sided air-cored generator is a 
promising alternative solution as a direct-drive linear generator. However, more 
research is required in the following areas: 
 
1. Investigation into the manufacture and the assembly of the generator. 
2. Survey of options for fixations (permanent connections) between the 
inner sets of magnets. 
3. Research into appropriate bearing systems including thermal analysis. 
4. Thermal analysis of the copper coils and the magnetic cores. 
5. Fixations between the magnets and the magnetic core. Moreover, an 
investigation into whether the magnet rings can be assembled from a 
single ring or sectors forming a ring. 
6. Structural integrity of the separation cage. Whether the cage is 
capable of handling the armature forces opposing the prime mover. In 
the current model, the separation cage is open from both ends. If the 
cage is closed from one end with 2- to 3-mm thick wall, the cage will 
be much stronger for handling axial forces.  
Furthermore, additional work on the inactive coil bypass system is needed. In 
the thesis, the effects from possible inrush currents (switching inductors) and 
switching losses in the back-to-back thyristors have not been considered. 
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Moreover, limitations of the coil bypass system, such as the maximum 
translational velocity limiting the normal operation of the system should be 
outlined. 
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Appendix A 
Magnetic Flux Distribution in the SS-PMLG proposed in (Prudell, Stoddard et al. 
2010), simulated in JMAG. 
 
 
 
 
(a) 3D Flux density in Tesla in the SS-PMLG proposed in (Prudell, Stoddard 
et al. 2010)
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(b) 2D Flux distribution 
Figure A1 Flux density in Tesla in the SS-PMLG proposed in (Prudell, 
Stoddard et al. 2010) 
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Figure A2 Difference between cogging forces for different skewing angle 
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Figure A3 Flux vector diagrams for different skew patterns (Ahn, Lee et al. 2008) 
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Appendix B 
Further information about air-cored Long Stator Tubular PMLG and inactive 
coils bypass system proposed in Chapter 5 
 
 
 
 
Figure B1 Three dimensional view of the air-cored generator in Chapter 5 
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Figure B2 Three dimensional view of the separation cage of the air-cored 
generator in Chapter 5 
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Figure B3 Three dimensional view of the permanent magnets of the air-
cored generator in Chapter 5 
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Figure B4 Overall single-phase graphical presentation of the control scheme 
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Figure B5 JMAG – Simulink Interface in Simulink 
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Figure B6 Power circuit under “Matrix coil bypass”, 5 ohm resistor is used 
and load after passive rectification 
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Figure B7 Control circuit under “Phase R” 
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Figure B8 Control circuit under “Switches Control Phase R” 
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Figure B9 Coils and Switches arrangement in JMAG (for single phase) 
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Figure B10 Switches in JMAG are controlled by External Circuit Simulator 
(Matlab/Simulink) 
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Appendix C 
 
 
Figure C1 Magnetic circuit for single-sided PMLG.    is the equivalent 
magnetic reluctance between points A and B and        is the total magnetic 
reluctance of the circuit 
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Figure C2 Magnetic circuit for double-sided PMLG.    is the equvalent 
magnetic reluctance between points A and B and        is the total magnetic 
reluctance of the circuit 
 
 
Single-/Double-sided PMLG: 
       can be evaluated by the following formulation where initally    is 
evaluated. In the formulation, the symbol “AǁB” means a parallel 
equivalent of reluctances A and B. Furthermore, “A--B” is the series 
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equivalent of the two reluctances. Calculating the equivalent of    starts 
from the top two reluctances in Figure C1 (Formulas C.1 to C.8). 
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Figure C3      is the equivalent magnetic circuit reluctance with length 
equal to the length of two permanent magnets for the air-cored LS-PMLG 
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Figure C4 Single winding connection of the PMLG 
 
Figure C5 Winding configuration for model having 4 winding sections 
Coil 14 
Coil 24 
Coil 34 
Coil 44 
Coil 54 
Coil 64 
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Figure C6 Winding arrangement of the PMLG  
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Figure C7 Winding and load circuit for the optimised double sided (2x3) 
PMLG 
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Appendix D 
 
Figure D1 Effect on generated voltage caused by different size of the mesh 
at maximum velocity of the translator 
 
Table D1 
  Mesh 1 Mesh 2 Mesh 3 Mesh 4 
Number of 
elements 1 000 000 500 000 140 000 70 000 
 
In this thesis, the mesh size is different for every PMLG model and it has 
been selected based on the accuracy of the results of the cogging force. Figure 
D1 and Table D1 give the difference in the cogging force caused by different 
mesh sizes. The reason for comparing the cogging force is that it has high 
frequency (higher than the voltage and the current). In Figure D1, it can be seen 
that meshes with a low number of elements deliver distorted force. By 
increasing the number of elements, the deviations in the force results decrease. 
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Furthermore, it can be seen that the difference between the number of elements 
in Mesh 1 and Mesh 2 is double, but that the difference in the force curve is 
very small.  
Throughout this thesis, the method for choosing the correct mesh is based on 
the above results for every model. Initially, meshes with a low number of 
elements are simulated and the number of elements has been increased until 
the error (for the cogging forces) caused by the mesh size reduces below 5% in 
comparison with a model with a mesh that has 50% fewer elements. 
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In this  paper  the  performance  of a longitudinal  ﬂux  permanent  magnet  linear  generator  (PMLG)  for  wave
energy  converters  (WEC)  is investigated.  The  inﬂuence  of the  number  of  slots  per  pole,  phase  q  and  the
number  of stator’s  winding  sections  are  analysed.  The  power  output  and  the  cogging  forces  in the  PMLG
are calculated  and  reviewed  with  respect  to  the  above  design  parameters.  In addition,  an  optimised  PMLG
model is designed  and  simulated.  Three-dimensional  Finite  Element  Method  (FEM)  is used for  solvingeywords:
ogging forces
inite element method
ermanent magnet linear generator
the  combined  ﬁeld  and  circuit  equations  of  the  generator.
© 2013 Elsevier B.V. All rights reserved.ave energy
onverter
. Introduction
UE to the nature of marine waves, the take-off device for WECs
sually operates between 0 and 2 m/s. Currently, some of the
eployed WECs are designed to work with fast-speed rotational
enerators. In such systems, the relatively low-speed linear trans-
ation of the take-off device has to be converted to a high-speed
otational motion via an interface system. By integrating such sys-
em, the overall complexity of the WEC  is increasing, whereas the
fﬁciency and the robustness are reduced. A possible solution for
vercoming such problems is a wave energy converter with a direct
rive linear generator [1–4]. The linear generators are proposed for
ECs to simplify the overall structure. The main problems with the
inear generators are the high magnetic forces appearing between
tator and translator during normal operation. These forces could
educe the lifetime of the bearings and therefore, increase the main-
enance costs of the WEC. Hence, reduction of the magnetic forces in
he linear generator may  have signiﬁcant effect on the maintenance
ost.
Direct drive PMLGs have been proposed for WECs and several
esign solutions have been outlined in [4–12]. In [4] ﬂat air-cored
esign has been suggested. The design has the advantage of elim-
nating the cogging force due to absence of stainless steel in the
tator however, in order to generate sufﬁcient magnetic ﬁeld in the
∗ Corresponding author.
E-mail address: ng258@exeter.ac.uk (N.P. Gargov).
378-7796/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.epsr.2013.11.021large air gap, an extra Permanent Magnets (PMs) are needed which
on the other hand could increase the price of the machine.
A switched reluctance PMLG has been presented in [9]. The
machine has iron-cored magnetic yokes and therefore, low mag-
netic reluctance path is provided however, high level of latching
(cogging) forces can be expected due to the alignment of the sta-
tor and the translator. Another PMLG with excitation provided by
a super conducting DC coil has been proposed in [13]. This kind of
generator generally advantages from the possibility of control exci-
tation applied on the excitation winding. On the other hand, heavy
saturation in the magnetic core has been reported.
Furthermore, observations on the cogging forces [14,15] and the
generated voltage harmonics [16] have also been performed on
similar structure as structure presented in this paper. Additionally,
constant speeds or speeds having sinusoidal shapes are common
approximations for simulating PMLGs [14,16–19].
In this paper, a design for a ﬂat longitudinal PMLG for marine
wave energy is analysed. The inﬂuence of parameters, such as: the
number of slots per pole, phase q, and the number of stator’s wind-
ing sections are analysed with respect to the cogging forces and the
output power of the PMLG. Based on the obtain results, an optimal
model is proposed. The aims of the optimisation are reduction of the
magnetic attraction forces between stator and translator and also
increase of the electrical power output of the PMLG. By reducing the
magnetic attraction force, the maintenance cost of the WEC  can be
reduced. Likewise, increasing the power output of the generator
will reduce the pay-back time of the WEC.
FEM is used as a simulation tool because of its high accuracy.
Moreover, the simulations are performed using three-dimensional
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EM with a time-varying electromagnetic ﬁeld taking into consid-
ration the non-linearity of the magnetic cores and the longitudinal
nds of the machine. Furthermore, in the simulations full size gen-
rator models taking into account the magnetic ﬂux distribution
n the air gap and the regions at the longitudinal ends are sim-
lated. Additionally, in order to simulate real sea conditions, an
xperimentally recorded vertical wave displacement is applied to
he generator’s translator for a period of 20 s.
The paper is organised as follows: after the introduction, a
escription of WEC  is outlined. Then a theoretical explanation of the
odal force method used in the FEM is given. After that, a descrip-
ion of the investigated PMLG is given. In the next section, the
esults from the investigation are displayed and an optimal model
s designed, before conclusions are presented.
. Wave energy converter and forces calculations
Wave energy converter is a general title for devices that convert
he kinetic energy of marine waves to electricity. The investigated
MLG in this paper is designed to be driven by a ﬂoater on the water
urface, or installed in an Archimedes wave swing [20].
Generally, two types of construction employing either a non-
exible shaft [21] or a rope [22,23] have been proposed for WECs
aving direct drive electrical generators. The design using a non-
exible shaft is simpler, but it has only one degree of freedom and
he energy absorption is limited up to 50% [24]. Furthermore, the
orces normal to the motion axis are likely to be higher when using
he non-ﬂexible shaft design due to the restriction of the motion of
he translator.
Conversely, an advantage of the design using a rope is that the
exibility of the rope provides additional degrees of freedom and
ence, the energy absorption can be increased. Another difference
n design is given by the springs, which have to be installed in order
o pull the translator back to its lowest point.
Owing to the direct coupling of the take-off device and the gen-
rator, the generated voltage and the electrical frequency are in
irect ratio with the translator’s speed [25]. As a result, big ﬂuctua-
ions in the output voltage and the electrical frequency are observed
uring normal operation of the PMLG. In order to stabilise the ﬂuc-
uation, a power-electronics converter and energy storage can be
nstalled between the generator and the grid [26].
The calculation of the cogging forces is interesting from many
erspectives. It is an important parameter for studying: the gen-
rator bearing system, the mechanical stress, and fatigue in the
upporting structure. Additionally, the cogging forces are source of
ound emission.
In this paper, the forces are calculated by FEA using 3D mod-
ls with high mesh resolution. To increase the result accuracy the
esolutions of the models have been set to around 1 million mesh
odes. The FEA software uses the nodal force method [27] as a tool
or magnetic forces calculation. The nodal force method is derived
rom the Maxwell stress tensor and the method is proven to be
s accurate as the virtual work method [27,28].The surface forces
nd the magnetic volume can be derived from the Maxwell stress
ensor as follows:
˝
i = ∂kTik (1)

i = (Tik|2 − Tik|1)nk (2)
 nk is the outward unit normal vector in region one and Maxwell
stress tensor
 Tik is given as:
Tik = HiBk–ıikwm (3)ems Research 109 (2014) 63– 70
- ıik =
{
1
0
i = k
i /= k is the Kronecker’s delta
- wm is the magnetic co-energy density of the element:
wm =
∫ H
0
B · dH. (4)
For virtual displacement ıli the virtual work done by magnetic
volume and surface force is:
ıW =
∫
f ˝i ıli dv +
∫
f i ıli d
=
∫
(∂iTik)ıli dv +
∫
(Tik|2 − Tik|1)nkıli d
= −
∫
Tik∂k
(
ıli
)
dv
. (5)
The displacement is interpolated via the nodal shape function:
ıli =
∑
n
Nnıni (6)
- Nn is the nodal shape function of the nth node. Using (5) and (6)
the virtual work can be also expressed as:
ıW = −
∫
Tik∂k
(∑
n
Nnılni
)
dv
= −
∑
n
(∫
Tik∂kNndv
)
ılni
(7)
So the force acting on the nth node is given as:
fni = −
∫
˝
Tik∂kNn dv (8)
Using summation for all the nodes in the part, the total force can
be written as:
[fn] =
⎡
⎢⎣
fnx
fny
fnz
⎤
⎥⎦ = −∫
˝
⎡
⎢⎣
Txx Txy Txz
Tyx Tyy Tyz
Tzx Tzy Tzz
⎤
⎥⎦
⎡
⎢⎢⎢⎢⎢⎣
∂
∂x
∂
∂y
∂
∂z
⎤
⎥⎥⎥⎥⎥⎦Nn dv (9)
3. Description of the PMLG and the simulations
In this paper, it is assumed that the generator’s translator is
assembled from the permanent magnets and the separators. Like-
wise, the stator is assembled from two  aligned magnetic cores on
both sides of the translator with copper coils placed in slots (Fig. 1).
It is assumed that the PMLG’s stator is assembled from the per-
manent magnets, the separators, and the upper magnetic core. The
separators are made from non-magnetic and non-electrical con-
ducting material and they are required in order to maintain the
position of the permanent magnets against axial displacement. In
addition, the PMLG’s translator is assembled from the lower mag-
netic core and the windings.
The magnetic cores of the machine are formed by laminated
silicon steel with a 95% stacking factor and they are treated as
magnetically nonlinear material with single value magnetisation
characteristics.The translator teeth are ﬁnished with shoes to optimise the
ﬂux distribution. Generally, the implementation of shoes decreases
both the power ripple and the magnetic reluctance of the air gap.
In addition, reduction of the cogging forces in linear machines can
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Table 1
Main dimensions of the double sided PMLG.
Dimensions
Parameter Axis
Translator length [mm] X 612
Translator width [mm] Z 600
Winding length [mm] Y 88
Translator height [mm] Y 318
Permanent magnet length [mm] X 85
Pole pitch length [mm] X 118.8
Coil slot length [mm] X 15
Translator teeth length [mm] Y 18
Air  gap length [mm] Y 2 × 3
Electrical characteristics
Number of turns per winding section 24
Number of turns per coil 4
Number of slot per pole and phase, q 1.2 (6/5)Fig. 1. PMLG with six winding sections.
e also achieved [16]. The windings’ excitation ﬂux is provided
y neodymium–iron–boron magnets with magnetisation direction
arallel to the Y-axis. Furthermore, in order to increase the accu-
acy of the simulation results, the PMLG has full translator models
nd therefore, the inﬂuence of the longitudinal ends can be taken
nto account. Moreover, a repetitive boundary condition is applied
o the translator, which is a common approach for linear generator
imulations [17].
The main dimensions of the generator are shown in Table 1.
he generator has three-phase windings, where each winding con-
ists of six winding sections connected in series. Furthermore, each
inding section consists of six coils connected in parallel. Each
inding is shifted by ±120◦ from the other two. Additionally, every
inding has a total resistance of 0.9  (base model). The single- and
he double-sided generator designs are inspired by [29], although
he parameters have been scaled down (where appropriate) to the
izes shown in Table 1.
Additionally, the motion applied on the translator is an exper-
mentally recorded vertical speed/time sequence of stochastic seaTotal Winding resistance [] 1.8
Resistive three-phase star connected load [] 5
conditions. The sequence was  recorded by a wave probe over a
period of 20 s near the coast of the UK. The main focus of this paper
is an optimisation of PMLG. So, it is assumed that the translator
strictly follows the motion of the water surface.
The number of slots per pole and phase q for the generator is
1.2 (6/5). This means that ﬁve poles have the same length as six
three-phase translator slots (or eighteen single-phase slots). For
convenience, the value of q = 6/5 can be also presented as 1.2. Thus,
one pole covers 1.2 translator slots. By using such a presentation
for q, it is possible to analyse values that differ from the standard
ones shown in [16].
4. Analytical model of the PMLG
The magnetic circuit of the double-side PMLG is shown in Fig. 2,
in which ˚PM is the Magneto Motive Force (MMF) source of the
permanent magnets and SC and SC1m are the reluctances in the mag-
netic core. Similarly, S1 to S19 are the magnetic reluctances of the
teeth of the translator, Sa1 to Sa19 are the magnetic reluctances in
the air gap between the permanent magnet and every single tooth.
They are identiﬁed by colour codes on the right-hand side of the ﬁg-
ure. In this magnetic circuit, it is assumed that every magnetic pole
(covered by the length of the translator teeth) is connected with
the closest four translator teeth. At certain positions of the transla-
tor where the teeth (end shoes) are located between two magnetic
poles, they are linked with both poles and linkage is given as two
reluctances: Sai and Sai* (i – tooth number). Furthermore, the values
of SPM are the magnetic reluctances of the permanent magnets and
Sair represents the reluctance of the air between the magnets out-
side the translator. These reluctances (Sair) are constant and they
do not affect the main magnetic circuit. The purpose of showing
them is to present the magnetic circuit outside the length of the
translator.
The magnetic poles located outside of the translator are con-
nected with the ﬁnal one or two translator teeth. If the permanent
magnet (at the longitudinal end) is outside of the translator length,
it is considered that the magnet is connected to the ﬁnal tooth (Sa1).
Alternatively, if the magnet covers the last tooth it is considered
that the magnet is connected to the ﬁnal two  translator teeth (S18*
and S19).
The analytical modelling technique does not take into account
the effects of the saturation of iron in the magnetic cores of the
generator.The voltages generated in the coils are dependent on the mag-
netic ﬂux passing the teeth surrounding them (ﬂux over ST). The
ﬂux path in the translator, contributing to voltage generation
66 N.P. Gargov et al. / Electric Power Syst
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nFig. 2. Magnetic circuit of double sided PMLG.
therefore, to energy harvesting) is through reluctances SC–
T–Sa(1–19)–˚PM–SPM–SC1–SPM–˚PM–Sa(1–19)–ST–SC.
However, when a tooth is located between two  poles such as
he 4th, 11th and 18th teeth in Fig. 2, part of the ﬂux goes through
he tooth shoe, bypassing the tooth. For instance, in the case of
he 4th tooth, part of the magnetic ﬂux will follow the contour
f Sa4–Sa4*–˚PM–SPM– SC1–SPM–˚PM–Sa4. Such leakage of ﬂux is
ot beneﬁcial to energy harvesting and can be considered a loss. A
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Fig. 3. Y-axis forces and RMS  power for double-sided PMLG.ems Research 109 (2014) 63– 70
reduction of the ﬂux can be achieved by altering the width of the
shoes along the X-axis.
The total magnetic reluctance of a single-sided PMLG’s section
with a length of 8 teeth can be presented as:
STotal = 4 × SE + 2 × SPM + 2 × SC (10)
where STotal is the total magnetic reluctance of the area indicated by
shading in Fig. 2. Furthermore, where SE is one-half of the reluctance
of the translator, it can be calculated as follows:
SE =
STt
4 + SC3 × ST + 6 × STt3 × SC + 5 × SC2 × STt2
4 × STt3 + SC3 + 10 × STt2 × SC + 6 × SC2 × STt
(11)
STt = ST + Sa nn (12)
where nn is the number of the reluctances shown on the right-hand
side (with code) in Fig. 2 and can be presented as:
Sa nn =
lgap
0 × Ar
(13)
ST =
ltooth
c × Ar (14)
Sc = lcorec × Ar (15)
where lgap is the length of the air gap between the centre of the per-
manent magnet and the centre of the shoes and ltooth is the length
of the coil’s slots in the magnetic core. The permeability’s of the air
and the magnetic core are given by 0 and c [H/m] respectively
and Ar is the area of the pole face.
Using the equivalent reluctance the magnetic circuit can be pre-
sented as simple circuit with an MMF  source connected to a single
magnetic reluctance. Hopkinson’s law is a counterpart to Ohm’s
law and can be used in magnetic circuits:
˚PM = m × SE (16)
 m = ˚PMSE
(17)
where m is the total magnetic ﬂux of the magnetic circuit (i.e., the
ﬂux passing SC1m). Similarly, the magnetic ﬂux density in the air
gap can be presented as:
B =  m
Ar
. (18)
The analytical calculations are performed using Matlab and the
results for the ﬂux density in the air gap show a difference of 5.5%
in comparison with the FEA results for a static simulation.
5. Simulated FEA results
5.1. The effect of number of slots per pole and phase q on the
PMLG performance
The forces affect the bearings and the supporting structure in
different ways and therefore, minimising them is important with
regard to maintenance costs and the structural integrity of the WEC.
The number of slots per pole and phase represents the distri-
bution of the magnets with respect to the stator slots. It can be
calculated by:
q = Pp
3Sp
(19)
r Systems Research 109 (2014) 63– 70 67
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highest power output can be achieved with ﬁve winding sections.
To compare the generator models on the same basis regarding
the PM volume, the simulated models should have the same length
of maximum translation of the translator. Therefore, the total
Table 2
Force-to-Power ratio for X- and Y-axes.
q X-axis [N/W] Y-axis [N/W]
0.8 1.09268 0.28963
0.9  0.16689 0.02599
1  0.13797 0.03192N.P. Gargov et al. / Electric Powe
 3 is the number of phases,
 Sp is the single phase stator slots pitch,
 Pp is the pole pitch.
In the paper, the value of q is changed by varying of the pole
itch at constant stator slot pitch.
In this paper, the magnetic force levels for different values of q
re presented as single numbers, where the number is evaluated
rom the simulated force in the time domain. The intention is to
resent an optimal number for q. The method for calculating the
ingle numbers by using the time domain graphs for the cogging
orces is explained below:
. The cogging force data in time domain is converted to absolute
values.
. The value of the peak force and 60% of the peak are established.
. The upper part of the graph (from 60% to 100%) is analysed.
. The values from 60% to 100% where the tangent to the graph is
parallel to the time axis are obtained (i.e. the force peaks).
. Finally, an average of the values obtained and this average num-
ber is taken as representative of the force level in the sample
graph.
The main objective of the above technique is to calculate two
actors. The ﬁrst is to show the average amplitude of the peak forces
60–100%) and the other is to take into account how often the gen-
rator reach forces higher than 60%. For example, if the majority of
he peaks lie between 60% and 70%, a lower average will be estab-
ished in comparison with the case where the majority of forces lie
etween 70% and 80%. Therefore, by using this method, not only can
he peak force can be taken into account but also, it can be assessed
ow often that peak force is reached.
The purpose of this approach is to evaluate a single number,
hich is representative of the peak forces of the entire simulation
eriod in the time domain. The minimum level (in this case 60%)
an be altered. The decision that only forces higher than 60% are to
e included is made in order to include a greater number of peaks.
he high number of peaks is important in reducing the error in the
eak forces from the FEA simulations.
In this section, the magnetic forces between the stator and trans-
ator are shown in the X- and Y-axes. The forces parallel to the X-axis
o not affect the bearings directly due to the free bearing motion on
he X-axis but they do cause latching of the translator, unwanted
oise and vibrations [3]. The forces parallel to the Y-axis are directly
estructive to the bearings and the supporting structure due to the
ranslator’s locked freedom on the Y-axis.
The forces affect the bearings and the supporting structure in
ifferent ways and therefore, minimising them is important with
egard to maintenance costs and the structural integrity of the WEC.
To perform the simulations in the Y-axis, 3D models with high
esh resolution are used to increase the accuracy for the force cal-
ulation. The results reveal that the highest forces and the highest
MS  power output occur when q = 1.
In Fig. 4, a presentation of all the forces as single number is
hown. Moreover, in the same ﬁgure, the RMS  powers for each q
re calculated over the complete time series of the translator dis-
lacement. The current density for the models with a 50 kW output
ower (q = 1) is 0.8 A/mm2. It can be seen that the cogging forces
ollow a very similar pattern to those of the single-sided PMLG.
owever, their magnitude is approximately twice as great. The rea-
on for this is the double sided structure of the generator doubles
he number of teeth attracting the PMs. Moreover, the harvested
lectrical energy is also higher.
In Table 2, the Force-to-Power ratio for the X- and Y-axes is
resented for all values of q. As the aim of the optimisation is toNumber of slots per pole and phase q
Fig. 4. X-axis forces and RMS  power for double-sided PMLG.
minimise forces and maximise electrical power, the lowest num-
bers in Table 2 deﬁne the optimal value for q.
The results for the X-axis reveal q = 1.1 as optimal and the results
for the Y-axis reveal that q = 0.9 is optimal. This ratio is important
because the maximum output power can be determined by know-
ing the level of the acceptable forces for the bearings (Y-axis) and
the level of the acceptable vibrations (X-axis). Therefore, for differ-
ent bearing systems and different WEC  supporting structures the
numbers could vary. For the purpose of this optimisation, the opti-
mal  number of q is suggested based on the lowest Force-to-Power
ratio.
5.2. The effect of different numbers of winding sections on the
PMLG performance
In this section, translators with different number of winding sec-
tions are simulated. Results obtained from models with windings
distributed from two to nine sections are shown. As the generators
simulated in this section have a different number of winding sec-
tions, the total winding resistance differs and it can be calculated
by:
Rwinding = 2 × 0.15 × p (20)
where p is the number of winding sections connected in series.
To perform the simulations in the Y-axis, 3D models with high
mesh resolution are used to increase accuracy for the force calcu-
lation. The simulation results show that the highest force appears
for those generators with the lower number of winding sections.
The effect from the misalignment between the stator poles and
translator teeth (q = 1.2) is the main reason for this result. In short
translators this misalignment has less effect; however, for longer
translators the misalignment becomes higher than the length of the
pole. Therefore, the peaks of the cogging forces for every tooth do
not occur at the same point in time. Additionally, the result for the
RMS  power output is also shown in Fig. 5. It can be seen that the1.1  0.10472 0.03072
1.2  0.32813 0.04635
1.3  0.68359 0.31445
The values are bold to outline the lowest numbers in the table.
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ength of the stator is assumed to be the length of the translator plus
n additional 1.5 m,  where free maximum translation is allowed.
n Fig. 6, the volume of permanent magnet material is calculated
or generators with different numbers of sections. The results are
veraged to the nearest magnetic pole.
Table 3 shows the Force-to-Power ratio in the X- and Y-axes for
enerators with different number of winding sections and Power-
o-PM volume ratio. The results reveal an optimal number of three
inding sections for the X-axis force and seven sections for the
-axis force.
Another coefﬁcient representing the efﬁciency of the generator
s the Power-to-PM volume ratio (Table 3). This coefﬁcient is not
iscussed in the previous section because of the small difference in
he volumes of the PM material for different q. The aim here is to
aximise the ratio; therefore, the generator with four sections can
e considered optimal for this criterion.
The importance of such a comparison is triggered by the price
f the permanent magnets. Recent price changes of permanent
agnets by almost 800% (for the period 04/2010 to 07/2011) [30]
able 3
orce-to-Power [N/W] and Power-to-PM volume [W/m3] ratios for X- and Y-axes.
Number of
sections
X-axis [N/W] Y-axis [N/W] Power-to-PM volume
ratio [W/m3]
2 0.250 0.375 579
3  0.175 0.225 862
4  0.359 0.110 1156
5  0.299 0.070 1125
6  0.354 0.061 1019
7  0.230 0.049 776
8  0.226 0.056 542
9  0.563 0.061 329
he values are bold to outline the lowest numbers in the table.Number of slot s per pole  and  ph ase q
Fig. 7. X-axis forces and RMS  power for double sided PMLG.
makes the permanent magnet material the most expensive com-
ponent of the PMLGs.
5.3. Optimisation of the PMLG
From the results shown in Fig. 3, it can be observed that the high-
est electrical power is harvested at q = 1. At this value of the slots
per pole and phase, a perfect alignment among the coils and per-
manent magnets is established. Consequently, the generated coil
voltages will be in phase and therefore, the highest total gener-
ated voltage can be achieved. However, the iron pole shoes become
aligned with the permanent magnets and hence, strong cogging
force is generated. On the other hand, the results shown in Fig. 5,
suggest that generally high numbers of winding sections reduces
the cogging force due to the misalignment among the peaks of the
magnetic forces between the PMs  and the steel shoes. Based on the
above results, it is observed that a long stator, which consists of a
number of short stators, can deliver high output power, where the
power is combined from the individual short stators. Furthermore,
low cogging force can be achieved by increasing the total length of
the stator, where the length is the combined lengths of the small
stators.
In this section, an optimised generator is suggested taking into
account the results presented in Section 3.3.2. The aims of the opti-
misation in decreasing order of their importance are:
1. Low force parallel to the X-axis.
2. Low force parallel to the Y-axis.
3. High electrical output power.
4. Low volumes of permanent magnet material used in the gener-
ator assembly.
Higher importance is given to those aims related to maintenance
costs, which could be considerably high, due to the offshore and/or
underwater operating conditions.
With regard to the above order of aims, it can be considered
that the optimal solution is when q = 1.1 rather than q = 0.9. The
reason for this decision is the small difference between the Force-
to-Power ratio in the Y-axis (between q = 0.9 and q = 1.1) and the
big difference in the Force-to-Power ratio in the X-axis (between
q = 0.9 and q = 1.1) (Fig. 7).
To increase the power output and to reduce the cogging forces, a
magnetically split translator is suggested. In this way  the generator
will be assembled from two  separated translator cores translat-
ing together. The main idea is to take two short magnetic cores
with low X-axis force and combine them in a long one delivering
low Y-axis force. The new translator is assembled from two yokes
containing three winding sections. The choice for the number of
winding sections is based on delivering low force in the X-direction.
Furthermore, the total length of the translator of the optimised
N.P. Gargov et al. / Electric Power Systems Research 109 (2014) 63– 70 69
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The simulation results reveal that the RMS  output power is
2.4 kW and that the single force numbers for the X- and Y-axes
re 2.92 kN and 0.8 kN respectively. Furthermore, the Power-
o-Magnet volume ratio is 2377 W/m3 and the volume of the
ermanent magnet material in the PMLG is 0.018 m3.
High output power with regard to the amount of permanentagnet material used in the generator is achieved. The opti-
ised model contains a very similar amount of permanent magnet
aterial compared with the generator with six winding sections.
Fig. 9. Magnetic ﬂux density in the optimised generator model.ces in the optimised model.
However, the Power-to-PM volume ratio for a generator with
six winding sections is 1019 and for the optimised model it is
2377 [W/m3], resulting in a 233% increase of the Power-to-PM vol-
ume  (Fig. 8c).
Another advantage of the optimised model is the reduction of
the X-axis forces by 55% and of the Y-axis forces by 28%, compared
with the PMLG with six winding sections. Moreover, the magnet-
ically separated sub-yokes (Fig. 9) of the translator are smaller
physically and therefore, it is easier to maintain, transport and
handle them.
6. Conclusions
The research in this paper began with an investigation of the fac-
tors affecting the cogging force and power output in a single- and
double-sided PMLGs, where the inﬂuence of the different design
solutions has been presented. Furthermore, a method for calcu-
lating a single number, representing the cogging force level of a
generator has been suggested.
Additionally, a double-sided PMLG is investigated with regard to
the same parameters. The main analyses in this paper are focused
on suggesting an optimised design for a double-sided PMLG.  As
a result, a design with a magnetically separated yoke delivering
better performance is proposed. The simulated results disclose that
the optimised model delivers a reduction in the X- and the Y-axes
forces by 55% and 28%, respectively and an increase of the output
power by 233% in comparison with a model with a non-separated
translator with the same volume of PM material.
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Abstract—In this article, an investigation into different magnetiza-
tion topologies for a long stator tubular permanent magnet linear
generator is performed through a comparison based on the cogging
force disturbance, the power output, and the cost of the raw materials
of the machines. The results obtained from finite element analysis
simulation are compared with an existing linear generator described
in [1]. To ensure accurate results, the generator developed in [1] is
built with 3D CAD and simulated using the finite-element method,
and the obtained results are verified with the source.
1. INTRODUCTION
Generally, direct-drive technologies for wave energy convert-
ers (WEC) reduce the complexity and increase the reliability of
the WEC due to their design simplicity. The avoidance of me-
chanical or hydraulic systems in direct-driveWECs can reduce
the installation and maintenance costs. However, problems
with the generator, such as high magnetic forces, have been
reported. Searching for alternative power generation methods
has become an important topic in the last couple of decades
owing to global warming, lack of fossil fuel resources, and
the increasing environmental pollution. Currently, renewable
energy provides a sustainable solution with its zero carbon
emission release during operation. Marine wave energy gen-
eration is relevantly underdeveloped, unlike other renewable
sources, such as wind and photovoltaic, but it has vast po-
tential [2]. The direct-drive WEC’s simplicity could lead to
higher reliability; however, such problems as large generator
sizes and, hence, high magnetic forces have been reported [3].
A number of concepts for direct-drive WECs has been pre-
sented [4–15]. Caused by the relatively low vertical speeds of
the marine waves and the desire for high output power, the
generators share large sizes and, hence, high magnetic forces,
such as cogging forces. In linear permanent magnet (PM) iron-
coredmachines, the cogging forces can cause vibrations, noise,
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and unattended latching [9]. Therefore analyzing the cogging
forces is necessary when the bearings and supporting structure
of the WEC are designed.
Another challenge related to direct-driven generators is the
electrical output. As the voltage and frequency are propor-
tional to the translational speed, the electrical output varies
over the length of each wave. Due to the electrical grid connec-
tion requirements, an integration system stabilizing the output
voltage and electrical frequency is required. Such integration
systems are usually designed with a back-to-back converter
using energy storage connected to the DC link [16, 17].
In this article, an investigation for different magnetization
topologies for the long stator PM linear generator (LS-PMLG)
is conducted. The investigation does a comparison based on
the cogging forces, power output, and cost of raw materials of
the machines. The results obtained from the simulations are
compared with an existing technology for the short stator PM
linear generator (SS-PMLG) in [9]. To ensure accurate results,
the generator developed in [9] is simulated using the finite-
element method (FEM), and the results are verified with the
source.
Additionally, slotting of PMs is an effective way of reducing
the cogging forces. A reduction is achieved by displacing the
peaks of the cogging forces where the total cogging force
(all cogging forces added together) is much lower that the
individual forces [18]. The study done in [18] presented a
cogging forces reduction, where, by applying the technique, a
reduction of around 30%–40% can be achieved. However, the
study does not show the additional magnetic reluctance added
to the magnetic circuit due to the increased air gap lengths
in the slots. Likewise, the effects on the output power or the
induced voltage have not been mentioned.
A different approach for cogging force reduction [19] is
manipulating the profile shape of the PMs. The results are
obtained by means of the FEM and reveal that a bevelled
bottom profile could reduce the cogging forces compared with
a square profile.
Likewise, another very effective way to decrease the cog-
ging forces is reducing the air regions among the teeth. The use
of semi-opened coil slots rather than open slots can decrease
the cogging by 34% [20].
To conduct a complete investigation, the effects of the pro-
posed techniques on the electrical power output must be ad-
dressed.
2. COGGING FORCE CALCULATION
The normal operation of every electromagnetic machine is de-
pendent on the forces causing vibrations and has a latching
effect on the translator/rotor. Knowledge on the forces is very
important for evaluation of mechanical vibrations and noise
emissions. Furthermore, the forces are essential when the bear-
ings, foundations, and supporting structures are designed. In
the FEM used herein, magnetic forces are calculated by means
of the nodal force method [21–23]. The surface forces and
the magnetic volume can be derived from the Maxwell stress
tensor as follows:
f i = ∂kTik, (1)
f i = (Tik |2 − Tik |2)nk, (2)
where nˆ is the outward unit normal vector in region one, and
Maxwell stress tensor Tik is given as:
Tik = Hi Bk − δikwm, (3)
where δik = { 1 i = k0 i = k is Kronecker’s delta. Likewise, wm is
the magnetic co-energy density of the element:
wm =
∫ H
0
B.dH. (4)
For virtual displacement δl , the virtual work done by the mag-
netic volume and surface force is
δW =
∫
f i δli dv +
∫
f i δli d
=
∫
(∂i Tik)δli dv +
∫
(Tik |2 − Tik |1)nkδli d
= −
∫
Tik∂k (δli ) dv. (5)
The displacement δl is interpolated via the nodal shape func-
tion:
δli =
∑
n
Nnδni , (6)
where Nn is the nodal shape function of the nth node. Using
Eqs. (5) and (6), the visual work can be also expressed as
δW = −
∫
Tik∂k
(∑
n
Nnδlni
)
dv
= −
∑
n
(∫
Tik∂k Nndv
)
δlni . (7)
The force acting on the nth node is thus given as
fni = −
∫

Tik∂k Nndv. (8)
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Using a summation for all nodes, the total force can be written
as
[ f n] =
⎡
⎢⎣
fnx
fny
fnz
⎤
⎥⎦ = − ∫

⎡
⎢⎣
Txx Txy Txz
Tyx Tyy Tyz
Tzx Tzy Tzz
⎤
⎥⎦
⎡
⎢⎢⎢⎢⎢⎢⎣
∂
∂x
∂
∂y
∂
∂z
⎤
⎥⎥⎥⎥⎥⎥⎦
Nndv.
(9)
3. MULTIPHASE GENERATOR
Long stator generators share the same stator, where the stator
consists of copper coils placed in a magnetic yoke. The coils
are grouped in 15 phase windings, and each winding consists
of 4 series-connected coils. The coils are identical to the coils
of the generator proposed in [1] (77 turns and 1.145-ohm
resistance per coil).
FIGURE 1. Two-dimensional view of LS-PMLG with radial
magnetized magnets (top), SS-PMLG shown in [1] (middle),
andLS-PMLGwith axialmagnetizedmagnets (bottom),where
1 denotes the translators, 2 denotes the PMs, and 3 denotes the
coils.
The translator consists of NdFeB-35 magnets attached to
a magnetic core. To decrease losses in the magnetic circuit,
all magnetic cores are assembled by laminated silicon steel,
where the laminations are radial to the Y -axis. Additionally, in
order to increase the accuracy of the simulation results, three-
dimensional generator models are used in the simulations.
In this article, long stator generators with axial and radial
magnetization are investigated. A slice on the X -axis showing
the profile for the three generators is presented in Figure 1. The
main advantage of the long stator generator design is the re-
duction of the volume of the PMmaterial used in its assembly.
Considering the recent price rise of the neodymium metals
[24], the potential savings of using the long stator design can
be significant.
The main idea of the design adopted in the long stator
designs is “swapping the configuration” of more traditional
SS-PMLGs (Figure 1), where the translator comprises coils are
exposed constantly to the PM’s flux. Reversing this structure
allows a long stator to be assembled from copper coils and a
short translator that consists of PMs (Figure 1).
An advantage of the topology for the SS-PMLG is that it
allows a standard three-phase rectifier to be connected directly
to the winding terminals, but a significant part of the PM flux
does not cross the coils; therefore, this flux does not contribute
to the power generation. On the other hand, the long stator
design utilizes the PMs in a way that the entire flux crosses the
coils at any time of operation. Therefore, the main advantage
from such a design is the full usability of the excitation flux
FIGURE 2. Passive rectification system for LS-PMLG.
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LS-PMLG radial LS-PMLG axial
Axis SS-PMLG magnetization magnetization
Stator height (mm) Y 1152 1342 1342
Translator height (mm) Y 284 484 422
PM length (mm) Y 52 70 10
Magnet pole pitch (mm) Y 72 72 72
Coil pitch (mm) Y 68 68 68
Magnets height (mm) X 10.5 10.5 54.7
Air gap length (mm) X 5 5 5
Turns per coil 77 77 77
Coils resistance (ohm) 1.145 1.145 1.145
Resistive load (on DC side; ohm) 5 5 5
Coil connection within a winding Series Series Series
Windings connection Star Star Star
TABLE 1.Main dimensions
established by the PMs. Conversely, the long stator design has
a coil configuration that is more complex and requires a system
excluding the unenergized coils (coils unexposed to the PM
flux) from the electrical circuit. If the unenergized coils remain
connected in series with those that are energized, they become
an inductive load. The main dimensions of all machines are
shown in Table 1.
The electric circuit of the long stator generator is shown
in Figure 2, where the output power is measured on a 5-ohm
resistor (R1) after rectification. Each phase winding is assem-
bled by four coils connected in series, and the number of
windings can be altered. The voltmeters (V1 to V15) measure
the voltage on every winding.
4. SIMULATION RESULTS
In the simulations performed, the following parameters are
kept the same for the three generators: winding slot dimen-
sions, shoe dimensions, number of slots per pole and phase,
number of turns per coil, coil resistance, and all structural
material properties used in the models. This is conducted to
reveal only the differences caused by the generator design and
to eliminate the influence of the material properties and of the
coil configuration on the performance. In this section, three
major sets of simulations are performed.
– The first set compares the cogging force for the SS-
PMLG shown in [1] with the cogging force for the LS-
PMLGs having axial and radial magnetized magnets.
– The second set presents the electrical power output of
the generators connected to 5-ohm resistive loads after
rectification.
– The third set shows the volumes and the prices of the raw
structural materials for the three machines.
4.1. Cogging Forces
Cogging forces are caused by the interaction between the mag-
netic field of the PMs and the iron core of the PMLG. Such
interaction has a latching effect on the translator. Moreover,
the cogging forces are independent from the magnetic fields
generated by the armature currents [25].
The cogging forces try to align the magnets with the steel
core in a position that minimizes the total reluctance of the
magnetic circuit. When a minimum reluctance path is estab-
lished at a certain position, the magnetic forces oppose any
external force trying change this position (position on the Y -
axis). The cogging forces generate both vibrations that have
to be maintained by the bearings and the supporting structure
and unwanted noise and latching of the generator’s translator
[1, 18, 26].
Several techniques, such as shaping and slotting, have been
applied for cogging force reduction in the LS-PMLG. The
shaped profile of the magnets used in the radially magnetized
LS-PMLG is shown in Figure 3(a). The cogging forces com-
parison is shown in Figure 3(b), where the shaped profile and
the square profile are analyzed. To compare the PM rings on
an equal basis, the two magnet ring volumes are set to be the
same. As a result (Figure 3(b)), a total reduction of 30% in the
peak is achieved when pole slotting and shaping is applied on
the PMs.
Initially, the long stator generators were simulated with
square profiles (Figure 3(a)). As one of main objectives is to
reduce cogging, modifications have been applied to themagnet
profile. Influenced by [19], the square profile has beenmodified
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FIGURE 3. Effect on cogging force caused by shaping PMs:
(a) magnet profile for radial magnetized LS-PMLGwith radial
magnetization and (b) cogging forces for shaped and square
magnet profile.
to include to bevelled bottom profile with a 30◦ angle, which
has been chosen based on the findings in [19].
Furthermore, to reduce the cogging force even further, but
to keep the power output approximately the same as for the SS-
PMLG,modifications of shaping and slotting themagnets have
been also done. The shaping and slotting modifications were
influenced by [18]. Initially, an angle of 35◦ was applied, and
the shaping (with an angle of 10.5◦) was adjusted to maintain
the output power of the long stator machines close to that of
the SS-PMLG.
The cogging force results for the three generators are shown
in Figure 4,where it can be observed that the long stator designs
have significantly lower cogging force amplitude. Compared
with the cogging forces for the PMLG shown in [1], the LS-
PMLGs achieve a reduction of 60%.
4.2. Power Output
The voltage output of the SS-PMLG [1] has been verified with
the model of the simulated generator in this article. The no-
load voltage (line to neutral) obtained in [1] is 346 V, and the
no-load voltage obtained by finite element analysis (FEA) in
this article is 330 V at a constant velocity of 0.76 m/s. The
difference of 4.6% is considered as acceptable in verifying the
FEA model used in this article.
Another advantage of the LS-PMLG is the possibility
of adding inactive poles at both ends of the translator. By
installing the inactive poles, the additional flux distributed over
the stator length generates a voltage in the additional coils at
FIGURE 4. Cogging forces for investigated topologies.
the ends of the translator and, hence, electrical power. The
RMS power outputs for the LS-PMLG both with and without
the inactive poles are 2705 and 2521 W, respectively. The in-
stantaneous output power can be seen in Figure 5. As a result,
the output power is boosted by an extra 7% (RMS) without the
use of extra PM material.
The simulated results for the power output are shown in
Figure 6, where the three generator models are simulated with
a monochromatic wave set for the translator’s displacement
with a period of T = 2.1 sec and height of 0.375 m. This
displacement is equal to the scaled statistical data for the sea
state located north of Spain [27].
The following RMS output powers are achieved for the
wave period of 2.1 sec: the SS-PMLG is 2.66 kW, the LS-
PMLG with axial magnetized magnets is 2.66 kW, and the
LS-PMLG with radial magnetized magnets is 2.72 kW. From
the result, it can be concluded that the electrical power output
is very similar for the three machines.
Owing to the design consideration for the long stator gener-
ators, not all coils generate voltage at the same time. Only the
FIGURE 5. Power output from LS-PMLG with and without
inactive poles.
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FIGURE 6. Power output of the SS-PMLG [1] and LS-
PMLGs.
coils covered by the translator magnetic field generate voltage
during displacement of the translator (Figure 7). It can be seen
that the coil voltages have the same frequency but different
amplitude and phase. Such a complex output requires a mod-
ified rectification system. The voltages from the long stator
generators in this article are rectified by a passive rectification
system.
Another benefit of the long stator design is the possibility of
excluding a coil in case of failure by using power electronics.
Owing to the high number of coils, such an operation does
not reduce the output of the generator significantly. Therefore,
maintenance of the WEC can be postponed.
Moreover, a benefit of using the long stator design is the
heat dissipation in the copper coils. In the long stator design,
output electrical power is harvested from a high number of
coils. Unlike the SS-PMLG in [1], the coils in the LS-PMLG
are not energized at all times. Hence, for the same amount of
total harvested energy from the generators, the power delivered
by a single coil in the LS-PMLGwill be much lower than in the
SS-PMLG. Consequently, the coils in the long stator generator
FIGURE 7. Voltage output for LS-PMLG.
have a much lower duty cycle, and therefore, they are allowed
a longer cooling time. Consequently, overheating of the LS-
PMLG coils is less likely to occur compared with those of the
SS-PMLG.
4.3. Volumes and Price of the Structural Materials
The volumes of the structural materials for both generators are
shown in Table 2, where it is seen that the total price of the
long stator design is much lower than that of the SS-PMLG
[1]; the main difference is in the price of the PMs. The price
of the materials is assumed as follows: non-magnetic and non-
electrical conducting material is 1.43 £/kg (2.28 $/kg); cop-
per is 5.29 £/kg (8.46 $/kg) [28]; laminated steel is 2 £/kg
(3.20 $/kg) [28]; and PMs, NdFeB, and N35 is 216 £/kg
(345.60 $/kg) [29].
Considering the recent price rise of the neodymium metals
reported in [24], the payback period of the long stator design
is likely to be shorter than that for the existing generator. The
assembly cost is not included in the calculations, but it is
expected to be similar among the three generators. Generally,
fewer difficulties are expected for the assembly and handling
LS-PMLG radial LS-PMLG axial
SS-PMLG magnetisation magnetization
PM (m3) 0.034 0.011 0.011
Laminated steel (m3) 0.303 0.264 0.270
Copper (m3) 0.0111 0.0555 0.0555
Non-magnetic and non-electrical conducting material (m3) 0.022 0.0052 0
PM (k£) 55.5 ($88.80) 18 ($28.80) 18 ($28.80)
Laminated steel (k£) 4.64 ($7.42) 4.04 ($6.46) 4.13 ($6.61)
Copper (k£) 0.52 ($0.83) 2.6 ($4.16) 2.62 ($4.19)
Non-magnetic and non-electrical conducting material (k£) 0.08 ($0.13) 0.018 ($0.03) 0
Total cost (k£) 60.74 ($97.18) 24.66 ($39.46) 24.75 ($39.60)
TABLE 2. Volumes and price of structural materials
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of the PMs in the long stator generators because of the lower
volumes of PMs used in their design.
5. CONCLUSIONS
The aim of this article is to highlight the merits of the long
stator design over the existing short stator three-phase design
for SS-PMLGs. The areas of focus are the price of the raw
assembly materials, the cogging force and electrical power
output. An increase in the electrical output and a reduction
in the raw materials can lead to a lower initial investment and
lower return of investment (RoI) of theWEC. Furthermore, the
reduction of the cogging force reduces vibrations and, hence,
can increase the life of the bearings.
In this article, an investigation of long stator generators has
been performed by means of FEA. Long stator generators with
axial and radial magnetization have been analyzed and opti-
mized, and the results reveal a cogging force reduction of up
to 60% in comparison with an existing design having a short
stator and similar size. Furthermore, the long stator generators
simulated use three times less PM material in their assem-
bly, which reduces the price of the raw assembly materials by
60% in comparison with existing SS-PMLGs [1]. The results
delivered in this article suggest that use of LS-PMLGs can
reduce the production and maintenance costs of the WEC in
comparison with the SS-PMLG.
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Abstract: Direct driven permanent magnet linear generators (PMLGs) are an alternative solution for wave energy converters
(WECs). Generally, problems such as high magnetic attraction forces between the permanent magnets and the magnetic core
are associated with direct driven PMLG. To eliminate the attraction, air-cored generators can be used. They do not contain
any stainless steel in either the stator or the rotor and therefore there is no magnetic attraction between the moving and
the stationary parts. In this study, a novel design of multi-phase air-cored PMLG is proposed. The main advantage of the
generator is the reduction in the Lorentz forces acting on the bearings by addressing the force in the direction parallel to the
motion axis and elimination of cogging forces. Additionally, in the study a new system bypassing inactive coils is proposed
and simulated as part of the grid integration system. The system achieves implementation of a small number of elements
connected in series with the coils and hence the thermal losses in the grid integration system are reduced. All simulations are
made by means of ﬁnite-element (FE) software working simultaneously with Matlab/Simulink.
1 Introduction
In the past couple of decades a number of different systems
converting energy from ocean waves into electricity have
been proposed. For instance, in Pelamis high-speed
induction generators working in combination with hydraulic
systems are used [1]. Moreover, turbine-driven synchronous
generators are used in Wevedragon [2]. In order to simplify
the wave energy converter (WEC) structure and improve
reliability, direct driven permanent magnet linear generators
(PMLGs) using the low-speed motion of the waves have
been employed [3, 4]. Generator designs have been
proposed in [3, 4], and also problems connected with high
magnetic forces have been pointed out [5]. Such high
forces could signiﬁcantly reduce the life of the bearings and
increase maintenance of the WEC. Further, the forces
generate vibrations which can affect the foundations and the
supporting structure of the WEC. In order to eliminate the
magnetic forces between the stator and the translator, air-
cored PMLGs have been proposed [6, 7]. Owing to the
absence of stainless steel in the translator, the attraction
forces between the stator and the translator have been
eliminated. However, the Lorentz forces do exist. In the
recently proposed air-cored generator design, the Lorentz
forces are radial to the motion direction [8].
In this paper, a new air-cored tubular PMLG designed for
WECs is proposed and simulated. The proposed generator
design ‘sandwiches’ the windings between two sets of
permanent magnets (PMs) in a tubular structure. Owing to
the absence of steel in the translator, the bearings are not
exposed to high attrition magnetic forces. However, a
higher volume of PM material has to be used because of
the high magnetic reluctance in the air gap. In order to
reduce the volume of the PM material used in the
generator`s assembly, generators with a high number of coils
have been proposed [9]. The number of coils vary with
regard to the desired length of the generator. Since the PMs
partially cover the winding coils, a number of coils remain
outside the PM’s ﬂux, at any time of operation. To avoid
current passing inactive coils (thermal losses) and additional
inductance, several techniques have been proposed [10, 11].
In [10] a technique using anti-parallel thyristor pairs
bypassing the inactive coils has been proposed. However,
owing to the high thermal loss in the thyristor switches
connected in series with the coils, another system adopting
individual rectiﬁcation for every coil has been presented
in [11].
In this paper, a new system that bypasses inactive coils is
proposed. The proposed system also uses the anti-parallel
thyristor pairs arranged in order to bypass the inactive coils.
However, a maximum number of two thyristor switches per
phase, working in series with the coils, is achieved at any
time of operation. Owing to the small number of elements
the power losses in the bypassing system can be
signiﬁcantly reduced.
In this paper, all simulations are made by means of ﬁnite-
element (FE). Moreover, Matlab–Simulink is used for control
purposes. The FE simulations and the circuit simulations
(Matlab–Simulink) are done simultaneously using an
external link connecting the two software packages.
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2 Generator under study
The proposed generator has a stator assembled by 48 coils
forming three phases (16 coils in each phase). The coils are
supported by an aluminium separation cage. Owing to the
complexity of the assembly of the PMs, it is assumed that
the PMs and the iron core remain static and the windings
and aluminium cage are translating.
The ﬂux is provided by radial magnetised magnets (to the
z-axis). The main idea of this assembly is the windings to be
placed in a magnetic ﬁeld normal to the axis of the motion. In
such a way, the Lorentz forces will be directed in the same
direction as the axis of motion of the generator (Fig. 1).
The main dimensions of the generator are presented in
Table 1. The inner magnets and the iron core are divided
into six equal sectors (Fig. 1). A space among them is left
to allow the supporting columns of the separation cage to
access the linear bearings. The proposed model has
aluminium cage with six supporting columns. The number
of supporting columns varies with the magnitude of the
Lorentz force.
In order to enhance the robustness of the translator, the
separation cage can be manufactured from a single piece of
moulded aluminium. Further, when the coils are positioned
among the separators, a solid casting can be applied to
secure their position. The casted coils and the keys of the
separators secure the coils position over the entire circle of
the separation cage (Fig. 2).
Likewise, the robustness of the cage is highly dependent on
the number of supporting columns and the thickness of the
separators. The generator is expected to be robust mainly
owing to reduction of the magnetic attraction forces
between the stator and the translator. Moreover, the absence
of joins (such as bolt connections) in the separation cage
reduces the translator`s sensitivity from vibrations and
increases the overall robustness of the cage.
The cost of the assembly of the proposed machine is
expected to be similar to the existing PMLG proposed in
[4]. This is because no stainless steel sheets are used in the
translator. In addition, the slot openings for the coils are
larger, and so the coils` winding and maintenance are
expected to be cheaper in comparison with the semi-open
slots used in the machine in [4]. However, epoxy resin or
material with similar properties is required to secure the
coils into the slots.
3 Inactive coil bypass system
The coils of the generator are grouped in three phases,
connected in series. The coils and the switches controlling
the current ﬂow for a single phase are shown in Fig. 3. The
voltmeters measuring the generated voltage are installed on
the coils` ends (except the two middle coils, C8 and C9).
Nine consecutive coils will be exposed to the ﬂux
established by the magnets at any time of normal operation.
Based on the voltage obtained by the voltmeters (V1–
V14), a control system determines the active/inactive coils
(Fig. 4). In order to take only positive voltage, an absolute
value from the signal gained by the voltmeters is used. The
mean value of the voltage is used in order to avoid
switching ‘off’ the switches at zero-crossing. After the
consideration of active/inactive is made for all coils, the
signals are arranged in a vector and passed to the switch
selector (Fig. 4).
The switch selector determines the ‘on’ and ‘off’ signals
sent to the anti-parallel thyristor switches (S1–S14). The
vector formed by the signals from the voltmeters is
compared with predeﬁned vectors by a relational operator
(Fig. 4). The predeﬁned vectors are all the possible
combinations formed by nine consecutive coils. They also
Table 1 Main dimensions and parameters Q1
stator length, mm 608
stator inner radius, mm 520
iron width, mm 30
coil width, mm 10
coil length, mm 20
aluminium separation length, mm 5
PM width, mm 10
air gap, mm (including the coils) 16
translator length, mm 900
pole length, mm 76
number of turns per coil 55
coil resistance, V 0.8
coil connection series
number of supporting columns 6
Fig. 2 Section cut of the separation cage
Fig. 1 Overview of the generator structure
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represent the location of the translator. When the variable
vector formed by the voltmeters matches a predeﬁned
vector, a switching ‘on’ signal triggers a set of switches.
For example, if the coils from C3 to C11 are active (the
absolute voltage value is higher than 3 V), switches S2 and
S10 are turned ‘on’ and the rest stay ‘off’ (Fig. 3). In such
a way a maximum of two switches are working in series
with coils at any time of operation. This system eliminates
the ﬂow of current through a large number of elements
(switches and inactive coils) and hence the overall thermal
losses. In addition, by using the proposed system a three-
phase output with +1208 phase shift is achieved.
4 Simulation results
A monochromatic wave with a period of 8.4 s was used as
a time-speed sequence in the simulations. Such a period is
equal to the energy period (Te) of the region located north
of Spain [12].
As seen in Table 2, the total price of the raw materials of the
air-cored generator is lower. This is mainly because of the
reduced amount of steel used in the generator. Likewise,
Table 2 shows that the PM volume in the air-cored
generator is about 25% more in comparison with the iron-
cored generator. Moreover, the output power of the air-cored
machine is around twice more compared with the iron-cored
at the same translational speed. On the other hand, the
multi-phase coils require a more complicated integration
system. The prices per kilogram for the assembly materials
have been taken from [7] and also the price of aluminium is
assumed to be the same as the price of stainless steel.
The objective of the inactive coil bypass system is to reduce
the impedance of the series-connected elements. Owing to
the relatively low linear speeds and hence low switching
frequencies of the switches (Fig. 8), anti-parallel thyristors
are used because of their high-power rating.
If the ﬁeld is established from a single side of the PMs, high
magnitudes of the Lorentz forces radial direction are expected
[8]. The simulation results for the Lorentz forces are shown in
Figs. 7a and b. The advantage of the radial magnetised (to the
z-axis) ﬁeld is because a signiﬁcant part of the forces is
directed in parallel to the z-axis. This way of directing the
Lorentz forces extends the life of the bearings owing to
their free motion on the z-axis.
In Fig. 7c the magnetic forces between the PMs for a one-
sixth section of the generator (Fig. 1) are shown. The results
present the magnitude of the attracting forces acting between
the inner and outer set magnets. Since the outer magnets
have full circular shape, the total radial force (z-axis) will
remain zero owing to the opposing directions of the forces.
Fig. 3 Single-phase coil and switches arrangement
Fig. 4 Switch selector (lower) and active/inactive coils (upper) for
a single phase
Table 2 Total price of the raw materials of the air-cored
generator Q1
Tubular
air-cored PMLG
Existing
PMLG [4]
Volumes/prices of the assembly materials
copper, m3/k£ 0.034/1.53 0.011/0.49
aluminium, m3/k£ 0.031/0.25 0.022/0.18
stainless steel, m3/k£ 0.13/2.29 0.3/6.95
PM, m3/k£ 0.043/6.83 0.034/5.35
total price, k£ 10.9 12.97
RMS/half peak performance at constant
translational speed of 0.76 m/s
three-phase power, kW 5.3/3.75 2.5/1.75
phase voltage, V 102/73 70/50
phase current, A 21/10 14/10
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If the inner magnets sections are ﬁxed in a single structure, the
total force will also be eliminated but, the ﬁxations have to be
strong enough to withstand the forces and also the force`s
magnitudes have to be taken into account in the ﬁxations
design. Since all the magnets are static, the forces shown in
Fig. 7c do not affect the bearings. In Fig. 7c, it has also
been seen that the attracting forces between the magnets
remain relatively the same regardless of the speed of the
translator.
The thermal losses in previously proposed bypass systems
are dependent on the number of translator magnet pairs and
the total number of coils [10, 11]. In the proposed bypass
system the thermal losses are not dependent on the number
of coils or the number of magnetic poles. Using the
proposed design parameters, reduction of the thermal losses
up to seven times is achieved in comparison with the
system proposed in [10].
A voltage generated by a single coil is shown in Fig. 8.
Likewise, the ‘on’ and ‘off’ triggering signals (1 and 0 V,
respectively,) sent to the switch selector can be seen in the
ﬁgure. It is seen that the coils do not generate voltage at all
times, and therefore during the period from 2 to 6 s, the coil
(Fig. 8) has to be disconnected from the series winding
conﬁguration, otherwise it becomes an inductive load.
In Fig. 9 the power output simulated on a 5 V resistor
connected after rectiﬁcation and boosting the DC voltage is
shown. The half-peak and the RMS power are 4.92 and
Fig. 5Q2 WEC structure – one line diagram
Fig. 6 Magnetic ﬂux distribution for half stator of the multi-phase
air-cored generator (left) and PMLG [4] (right)
Fig. 7 Lorentz forces
a Lorentz force on the z-axis
b Lorentz forces parallel with the X and Y axes
c Forces simulated on the inner and outer sets of magnets at constant speed
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1.61 kW, respectively. In order to increase the performance of
the WEC array a power electronics control (back/boost) can
be applied to the generator output. Additionally, control on
the DC voltage allows a control strategy for both stiffness
and dumping forces [13].
Energy storage has not been used in the simulations
shown in Figs. 7–9. However, smoothing of the output
power can be achieved by adding energy storage in the DC
link and increasing the number of the WECs connected in
the array.
5 Discussion
The proposed air-cored PMLG is designed to be used in a
wave point absorber or Archimedes wave swing. Owing to
the signiﬁcant force reduction, in comparison with iron-
cored machines, the bearings can support the columns of
the separation cage by either single or double sides.
Generally, problems with coil overheating are not
expected. As seen in Fig. 8 the coils do not generate
voltage at all times, which increases the cooling time. In
comparison, the coils in the generator proposed in [4] are
constantly generating power during the motion of the
translator.
Likewise, the winding arrangement allows the insulation of
a coil in case of a failure. Such insulation is not going to affect
the power output signiﬁcantly owing to the high number of
coils. As a result the maintenance activities in such a case
can be postponed, which can reduce the maintenance cost.
6 Conclusion
In this paper, the simulation results of a novel design of air-
cored tubular generator have been presented. The results are
obtained using FE externally linked with Matlab/Simulink.
The results conﬁrm that the proposed generator has higher-
power output in comparison with the existing iron-cored
using similar volumes of structural materials and size.
Likewise, the results reveal that the proposed design
addresses the majority of the Lorentz forces in parallel to
the motion axis. As a result the ratio between the radial and
the axial Lorentz forces is signiﬁcantly reduced. In addition,
a new system bypassing the inactive elements has been
presented and simulated. The bypassing system achieves a
maximum of two switches working in series with the coils
per phase. Therefore a thermal loss (in the bypass system)
up to seven times lower than the previously proposed
systems has been achieved. Likewise, the thermal loss in
the proposed bypass system is not dependent on the number
of coils in the generator assembly.
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